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Nederlandstalige samenvatting 
Het eerste synthetische polymeer, Bakeliet, is ontstaan rond 1907 en is vernoemd naar zijn 
uitvinder, de Belgisch-Amerikaanse scheikundige Leo Baekeland (°Gent, 1863 - 
†
New York, 
1944), en markeerde het begin van de moderne kunststofindustrie. Polymeren zijn op de dag van 
vandaag onmisbaar in het moderne leven. Vrije radicalaire polymerisatie (FRP), een type 
kettingpolymerisatie, is één van de meest gebruikte synthetische routes voor commerciële 
polymeren met een jaarlijkse productie van miljoenen tonnen. Veel verschillende monomeertypes 
kunnen eenvoudig gepolymeriseerd worden via FRP met als doel de synthese van een 
polymeerproduct met de gewenste mechanische en chemische eigenschappen, bv. hardheid, 
ketenflexibiliteit, chemische weerstand. Synthetische polymeren hebben talrijke toepassingen, 
vooral in eerder simpele verbruiksgoederen zoals verpakkingsmateriaal. 
Een groot nadeel van FRP is de gelimiteerde controle over de (co)polymeer microstructuur. 
Midden jaren ’50 ontstonden nieuwe synthetische routes, bv. anionische en kationische 
polymerisatie, die controle toelaten over de microstructuur door het minimaliseren van 
terminatie- en ketentransferreacties. Deze zogenaamde levende polymerisatie reacties vereisen 
echter strenge reactie condities en zijn slechts compatibel met een beperkt aantal monomeer 
types. Midden jaren ’80 ontstonden er nieuwe technieken dewelke de voordelen van vrije- en 
levende radicalaire polymerisaties combineren gebaseerd op de reversibele deactivering van het 
radicalaire species en worden reversibele deactivering radicalaire polymerisatie (RDRP) 
genoemd. De drie belangrijkste RDRP technieken zijn nitroxide gemedieerde polymerisatie 
(NMP), atoom transfer radicalaire polymerisatie (ATRP), en reversibele additie/fragmentatie 
keten transfer (RAFT) polymerisatie. Deze RDRP technieken laten de synthese van geavanceerde 
complexe macromoleculaire structuren zoals gradiënt-, blok-, en ster copolymeren. Hoewel er 
momenteel slechts een beperkt aantal RDRP producten de weg naar commercialisering heeft 
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gevonden, wordt er verwacht dat RDRP gebaseerde producten zullen leiden tot de ontwikkeling 
van producten met een hoge toegevoegde waarde in bv. de (bio)medische, elektronica en andere 
niche industrieën. 
In deze doctoraatsthesis worden verschillende RDRP technieken onderzocht. Een gecombineerd 
experimenteel en modelgebaseerde aanpak wordt toegepast om inzichten te verwerven in de 
kinetische karakteristieken van RDRP processen. Het generiek LCT-modeleringsplatform wordt 
hiertoe uitgebreid. Dit platform omvat een snelle deterministische oplossingsmethode dewelke 
gebruikt kan worden voor het schatten van snelheidscoëfficiënten en, voor de eerste maal, Pareto 
optimalisatie van RDRP processen. De tweede oplossingsmethode is een matrix-gebaseerde 
kinetische Monte Carlo techniek (stochastisch) dewelke toelaat gedetailleerde kinetische en 
microstructurele inzichten te verwerven, echter tegen een hogere computationele kost. Dit laat het 
opvolgen van de expliciete microstructuur en a posteriori berekening van nieuwe distributies toe, 
dewelke toegepast zullen worden op verschillende gecontroleerde homo- en copolymerisaties. 
Zodoende mikt de gebruikte aanpak in deze thesis erop om een beter begrip en optimalisatie van 
RDRP processen te verwezenlijken zoals gedemonstreerd zal worden voor een aantal standaard 
RDRP processen. 
In Hoofstuk 1 wordt een algemene inleiding tot de in dit doctoraat toegepaste RDRP technieken, 
i.e. NMP, initiators voor continue activator regeneratie (ICAR) ATRP, en activators 
geregenereerd door elektron transfer (ARGET) ATRP, gegeven tezamen met het doel van deze 
doctoraatsthesis. 
Hoofdstuk 2 geeft een overzicht van de huidige state-of-the-art modellen beschikbaar voor de 
beschrijving van copolymerisatieprocessen. De focus ligt bij zowel kinetische aspecten, zoals de 
propagatiesnelheid, als bij microstructurele aspecten specifiek voor copolymeren, zoals de 
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ordening van de comonomereenheden in de copolymeerketens. Verschillende 
modeleringstechnieken worden beschouwd naargelang hun mate van detail met betrekking tot de 
microstructuur van de polymeren en experimentele verificatie ervan. Zowel analytische als 
numerieke modellen worden besproken in volgorde van de hoeveelheid inzichten die ze 
verwerven in de kinetiek of de microstructuur van de polymeren. Gemiddelde eigenschappen, 
zoals de instantane copolymeersamenstelling, worden eerst besproken. Vervolgens komen 
univariate en bivariate modelleringsmethoden aan bod. De keuze om één of meerdere variabelen 
te gebruiken om de microstructuur te beschrijven vereist aannames en bijgevolg een verlies van 
informatie. In het geval dat veel details vereist zijn dient men zich te beroepen op expliciete 
modelleringstechnieken dewelke toelaten om de complete microstructuur van het (co)polymeer te 
volgen als functie van de tijd. Eén zulk expliciete stochastische modelleringstechniek, de matrix-
gebaseerde kinetische Monte Carlo (kMC), is ontwikkeld aan het Laboratorium voor Chemische 
Technologie (Universiteit Gent) en zal doorheen deze doctoraatsthesis toegepast worden. Van 
belang is dat deze zogenaamde expliciete modelleringstechnieken het a posteriori berekenen van 
nieuwe distributies toelaat, zoals bv. activering-groei-deactivering cycli als functie van hun aantal 
propagatiestappen en de locatie van functionaliteiten, hetgeen nieuwe inzichten in de kinetiek van 
RDRP processen toelaat. 
In Hoofdstuk 3 wordt de MAMA-SG1 geïnitieerde NMP van styreen onderzoekt. MAMA-SG1, 
een NMP initiator (alkoxyamine) gecommercialiseerd door Arkema onder de merknaam 
BlocBuilder® is het meest gebruikte alkoxyamine voor NMP. Verscheidene kinetische studies 
van dit systeem zijn gerapporteerd maar desondanks is er een breed bereik aan kinetische 
snelheidscoëfficiënten gerapporteerd en is er geen fundamenteel model beschikbaar dat erin 
slaagt een breed bereik aan experimentele condities adequaat te beschrijven. In dit hoofdstuk 
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wordt een uitgebreide experimentele dataset vergaard voor een breed bereik aan temperaturen en 
beoogde ketenlengtes (TCL). Een deterministisch model, inclusief diffusielimiteringen en 
zijreacties zoals thermische initiatie van styreen en keten transfer reacties, gebaseerd op de 
momentenmethode wordt ontwikkeld en gebruikt voor data regressieanalyse. Op deze manier 
worden NMP specifieke Arrhenius snelheidscoëfficiënten bepaald op een statistisch 
verantwoorde manier. Deze snelheidscoëfficiënten worden vervolgens gebruikt in een meer 
geavanceerde, maar computationeel intensievere, kMC code om de microstructuur van de 
polymeerketens te visualiseren, voor de eerste keer, naargelang hun initiatie- of 
terminatiemechanisme. Gebaseerd op deze resultaten wordt het belang van de ketentransfer naar 
dimeer, een molecule gevormd gedurende het thermisch initiatie proces van styreen, 
gedemonstreerd. Deze reactie is de belangrijkste nevenreactie met betrekking tot controleverlies 
voor polymeerproducten met een hoge TCL. Finaal wordt het voordeel van een stapsgewijs 
temperatuurprogramma in silico gedemonstreerd en experimenteel geverifieerd. Deze model-
gebaseerde optimalisatiestrategie berust op een efficiëntere initiatie waardoor een lagere 
temperatuur toegepast kan worden en dus thermische initiatiereacties, en de daar bijhorende 
zijreacties, geminimaliseerd worden voor een gelijke batch tijd. 
Hoofdstuk 4 verkent het volledige potentieel van RDRP technieken gebruikmakende van multi-
objective optimization (MOO) algoritmes. Deze algoritmes zijn ontwikkeld voor 
probleemstellingen waarin conflicterende objectieven geoptimaliseerd dienen te worden, leidende 
tot de identificatie van een zogenaamd Pareto-optimaal front. Het vaak gebruikte NSGA-II 
algoritme werd geïmplementeerd en toegepast ter optimalisatie van ARGET ATRP van butyl 
methacrylaat met twee objectieven ter beschouwing, i.e. batch tijd om een monomeerconversie 
(XM) van 0.75 te bereiken en finale dispersiteit (Ð). Een deterministisch literatuur-gebaseerd 
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model wordt gebruikt en optimalisatie van  programma’s voor (i) temperatuur, (ii) monomeer 
additie, en (iii) reducerend agens additie worden beschouwd alsook hun combinaties. De drie 
verschillende individuele optimalisatiestrategieën leiden tot de identificatie van een Pareto 
optimaal front en dus de in silico optimalisatie van ten minste één objectief. Uit de vergelijking 
van de verschillende strategieën blijkt monomeeradditie het meest veelbelovend en de 
gecombineerde strategieën tonen synergetische effecten leidende tot een verbeterd Pareto 
optimaal front. Een verklaring van de optimalisatiestrategieën wordt voorzien aan de hand van de 
kinetische significantie van verschillende reactiesnelheden, zoals terminatie en de verhouding van 
de propagatie tot deactivering probabiliteit (Pprop/Pdeac). Als tweede RDRP techniek wordt NMP 
van styreen beschouwd, gebruikmakende van het kinetisch model verkregen in Hoofdstuk 3, met 
drie objectieven, i.e. batch tijd (XM = 0.75), Ð, en EGF. Opnieuw worden temperatuur-, 
monomeer additie-, en initiale nitroxide hoeveelheid programma’s beschouwd. Pareto-optimale 
fronten worden geïdentificeerd en een temperatuurprogramma lijkt het meest veelbelovend, zoals 
reeds aangekaart in Hoofdstuk 3. Een kinetische verklaring van de geoptimaliseerde strategieën 
wordt gegeven aan de hand van de terminatieprobabiliteit en Pprop/Pdeac, alsook de 
reactieprobabiliteit van de transfer naar dimeer reactie, hetgeen het belang van het ontwikkelde 
model in Hoofdstuk 3 aantoont. 
In Hoofdstuk 5, wordt een transitie naar copolymeersystemen gemaakt. De kMC code wordt 
toegepast voor verbeterde inzichten en optimalisatiestrategieën in de synthese van sequentie-
gecontroleerde polymeren via NMP. Deze sequentie-gecontroleerde polymerisatietechnieken 
hebben de laatste jaren veel aandacht gekregen omwille van de mogelijkheid die ze bieden om 
functionaliteiten langsheen de polymeerketen in te bouwen op de gewenste positie, 
gebruikmakende van een elektron-donor (styreen) en een elektron-acceptor monomeer (N-benzyl 
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maleimide; het functioneel monomeer). Een experimentele data set, gebruikmakende van 
BlocBuilder als NMP initiator, wordt verworven en gebruikt voor modelverificatie. Vervolgens 
wordt het kMC model gebruikt voor de expliciete visualisering van de copolymeerketens. A 
posteriori analyse laat toe nieuwe inzichten te verkrijgen in de accuraatheid van de inbouw van 
functionaliteiten in de ketens. Er wordt aangetoond dat hieruit eerder brede distributies van de 
plaatsing van het functionele monomeer volgen, zowel op een absolute als relatieve basis. Een 
ander kwaliteitscriterium is de verdeling van de functionele monomeren over de polymeerketens 
heen. Hieruit volgt ook dat bij een batch proces gemedieerd door SG1 een verre van ideaal beeld 
volgt met een brede distributie. Voor de eerste maal worden de activering-groei-deactivering 
cycli als functie van het aantal propagatiestappen gekwantificeerd. In silico 
optimalisatiestrategieën worden verkend. Er wordt aangetoond dat de additie van styreen toelaat 
om zowel de relatieve als absolute positionering van de BzMI functionaliteit te verbeteren. De 
invloed van het mediërend agens wordt onderzocht met behulp van grid simulaties waarin de 
activering (ka) en deactivering (kda) snelheidscoëfficiënten van het macrospecies gewijzigd 
worden. Gebaseerd op deze resultaten wordt aangetoond dat SG1 niet de ideale mediërende 
kwaliteiten bezit met betrekking tot de synthese van sequentie-gecontroleerde polymeren. Een 
nitroxide met een hogere kda waarde zou leiden tot een betere distributie van de verdeling van het 
functioneel monomeer over de ketens heen. Finaal wordt de model-geoptimaliseerde strategie 
toegepast voor een tri-gefunctionaliseerd sequentie-gecontroleerd poly(styreen) product. 
Hoofdstuk 6 omvat een in silico kinetische studie gebruikmakende van de kMC code om het 
belang van penultimate monomeereenheid (PMU) aan te tonen voor de reactiviteit van 
macroradicalen en slapende macrospecies in de ICAR ATRP van n-butyl acrylaat (nBA) en 
methyl methacrylaat (MMA) met een literatuur-gebaseerd kinetisch model. PMU effecten worden 
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beschouwd op zowel propagatie als (de)activering reacties. Grid simulaties laten toe geschikte 
batch reactie condities te identificeren waaruit besloten wordt dat de aard van de ATRP initiator 
cruciaal is voor succesvolle ICAR ATRP. Een tertiaire ATRP initiator wordt verkozen boven een 
secondaire omdat deze laatste leidt tot trage initiatie en dus slechtere controle over de 
microstructuur. De aanwezigheid van een tweefasige initiatie stap voor de tertiaire initiator, 
omwille van sterke reactiviteitsverschillen tussen de verschillende macrospecies, wordt 
aangetoond. Voor de batch simulaties wordt onafhankelijk bewezen dat PMU effecten op 
propagatie en (de)activering van groot belang zijn. PMU effecten op propagatie zijn vooral van 
belang voor de initiatiefase en PMU effecten op (de)activering beïnvloeden vooral het 
(de)activeringsevenwicht bij hogere conversies. Er wordt aangetoond dat de 
temperatuurafhankelijkheid van de reactiviteitsverhoudingen, een vaak genegeerd aspect in 
kinetische studies, van belang is. De batch ICAR ATRP van nBA en MMA met een equimolaire 
voeding vertoont een “natuurlijke” gradiënt dewelke verbeterd kan worden door een 
monomeeradditieprogramma. Er wordt gedemonstreerd dat PMU effecten de gradiëntkwaliteit 
(<GD>) beïnvloeden. De in silico bepaling van ideale voedingsprofielen is sterk afhankelijk van 
de beschouwde PMU effecten. In het algemeen toont dit hoofdstuk aan dat mogelijke PMU 
effecten steeds in beschouwing genomen dienen te worden gezien ze een sterk effect op 
copolymerisaties kunnen hebben. 
Hoofdstuk 7 omvat een gecombineerde experimentele en modeleringsstudie voor NMP van 
MMA met en zonder een kleine hoeveelheid styreen geïnitieerd door BlocBuilder. NMP van 
MMA gemedieerd door SG1 lijdt onder een zijreactie, i.e. disproportionering van SG1 met MMA 
macroradicalen, en een te grote (de)activeringsevenwichtscoëfficiënt. Weloverwogen 
homopolymerisatiecondities worden gekozen om een ge-updatete snelheidscoëfficiënt voor deze 
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zijreactie te bepalen. Er wordt aangetoond dat laboschaal polymerisatie-experimenten niet-
isothermiciteit vertonen, hetgeen geïncorporeerd moet worden in het model voor betrouwbare 
parameterbepaling. Door een kleine hoeveelheid styreen toe te voegen wordt de globale 
(de)activeringsevenwichtscoëfficiënt verlaagd. Voor de copolymerisatie, laat het tunen van de 
radicaalreactiviteitsverhouding voor activering (voor macrospecies met terminale styreeneenheid) 
toe om een adequate beschrijving van een grote set experimentele data te verkrijgen. De kMC 
code wordt gebruikt om de invloed van de initiële hoeveelheid styreen in kaart te brengen en een 
drempelwaarde te kwantificeren voor aanvaardbare controle. Inzichten in de expliciete 
microstructuur van het copolymeer en de activering-groei-deactivering cycli als functie van hun 
aantal propagatiestappen worden verkregen, dewelke een atypische vorm tonen voor een RDRP 
proces gezien de cycli zonder groei oververtegenwoordigd zijn door de aanwezigheid van een 
kleine hoeveelheid styreen. 
Tot slot vat Hoofdstuk 8 de belangrijkste conclusies van deze doctoraatsthesis samen en worden 
perspectieven voor toekomstig onderzoek geformuleerd. 
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English summary 
The first synthetic polymer, Bakelite, emerged around 1907 and is named after its inventor, the 
Belgian-American chemist Leo Baekeland (°Ghent, 1863 - 
†
New York, 1944), and marked the 
beginning of the modern plastics industry. Polymers nowadays are indispensable in modern 
everyday life. Free radical polymerization (FRP), a type of chain polymerization, is one of the 
most applied synthetic pathways for the synthesis of commercial polymers with a multi-million 
ton annual production. Many monomer types can be easily polymerized via FRP in order to 
synthesize a polymer product with the desired mechanical and chemical properties, e.g. 
toughness, chain-flexibility, chemical resistance. Synthetic polymers have numerous applications 
mainly in rather simple utilities such as packaging material. 
A major drawback of FRP is the limited control over the (co)polymer microstructure. In the mid-
50s novel synthetic pathways, i.e. anionic and cationic polymerization, emerged allowing control 
over this microstructure by minimization of termination and transfer reactions. However, these 
so-called living radical polymerization (LRP) required stringent reaction conditions and only 
allowed the polymerization of limited number of monomer types. In the mid-80s novel 
techniques appeared combining the benefits of FRP and LRP based on a reversible deactivation 
of the radical species and are called reversible deactivation radical polymerization (RDRP). The 
three most important RDRP techniques are nitroxide mediated polymerization (NMP), atom 
transfer radical polymerization (ATRP), and reversible addition/fragmentation chain transfer 
(RAFT) polymerization. These RDRP techniques allow the synthesis of tailor-made complex 
macromolecular architectures such as gradient-, block-, and star copolymers. Although currently 
a limited number of RDRP products have found their way towards commercialization, it is 
envisioned that RDRP derived products will lead to many high-added value applications in the 
(bio)medical, electronic and other niche industries. 
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In this PhD thesis, several RDRP techniques are investigated. A combined experimental and 
model-based approach is used to gain insight in the kinetic characteristics of RDRP processes. 
The generic LCT modeling platform is therefore extended. This platform consists out of a fast 
deterministic solver which will be used for estimation of rate coefficients and, for the first time, 
Pareto optimization of RDRPs. The second solver is a matrix-based kinetic Monte Carlo 
technique (stochastic) which allows highly detailed kinetic and microstructural insights albeit at a 
higher computational cost. This allows tracking of the explicit microstructure and a posteriori 
calculation of novel distributions, which will be applied for several controlled radical homo- and 
copolymerizations. As such, the approach applied in this thesis aims at a better understanding and 
optimization of RDRP in general as will be illustrated for a number of standard RDRPs. 
In Chapter 1, a brief general introduction to the RDRP techniques used in this work, i.e. NMP, 
initiators for continuous activator regeneration (ICAR) ATRP, and activators regenerated by 
electron transfer (ARGET) ATRP is given together with the scope of this PhD thesis.  
Chapter 2, provides an overview of the state-of-the-art models available for the description of 
copolymerization processes. Focus is both on kinetic aspects, such as the propagation rate, and 
microstructural aspects specific to copolymers, e.g. the arrangement of the comonomers in the 
polymer chains. Modeling techniques considering various levels of complexity in microstructural 
detail are discussed as well as their experimental verification. Analytical and numerical models 
are discussed according to the level of kinetic or microstructural detail they are able to provide. 
Average properties, such as the instantaneous copolymer composition, are first discussed. Next, 
univariate and bivariate models are covered. The choice of one or more variables to describe the 
microstructure requires certain assumptions and thus loss of information. In case a high level of 
detail is needed, one should use explicit modeling techniques which allow tracking of the time 
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evolution of the complete microstructure of the (co)polymer. One such explicit stochastic 
modeling technique, matrix-based kinetic Monte Carlo (kMC), has been developed at the 
Laboratory of Chemical Technology (Ghent University) and will be used throughout this thesis. 
Importantly, such explicit modeling techniques allow the a posteriori calculation of novel 
distributions of e.g. activation-growth-deactivation cycles with respect to their number of 
propagation steps and location of functionalities which allows novel insights into RDRP kinetics. 
Chapter 3 investigates the MAMA-SG1 initiated NMP of styrene. MAMA-SG1, a NMP initiator 
(alkoxyamine) commercialized by Arkema under the tradename BlocBuilder®, is the most used 
alkoxyamine for NMP. Several kinetic studies of this system have been reported but nevertheless 
a broad scatter in reported kinetic rate coefficients has been reported and a fundamental model 
able to adequately predict a broad range of experimental data is lacking. In this chapter, an 
extensive experimental data set covering a broad temperature and targeted chain length (TCL) 
range is gathered. A deterministic model, including diffusional limitations and side reactions such 
as thermal initiation and chain transfer reactions, based on the method of moments is constructed 
and used for data regression analysis. This results in the determination of the NMP specific 
Arrhenius rate coefficients in a statistically sound manner. These rate coefficients are 
subsequently imported in a more advanced, computationally expensive kMC code to visualize the 
microstructure of the polymer chains, for the first time, according to their initiation or termination 
mechanism. Based on these results, the importance of the chain transfer reaction to dimer, a 
molecule formed during the styrene thermal initiation mechanism, is demonstrated. This reaction 
is the main deteriorating factor for synthesizing a polystyrene product with a high chain length in 
a controlled fashion. Finally, the beneficial use of a stepwise temperature program is 
demonstrated in silico and confirmed experimentally. This model-guided optimization strategy 
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relies on a more efficient initiation phase thereby allowing a lower reaction temperature, and thus 
minimizing thermal initiation and related side reactions, for the same batch time. 
In Chapter 4, the full potential of RDRP techniques is explored via the use of multi-objective 
optimization (MOO) algorithms. These algorithms have been developed for problems in which 
conflicting objectives need to be optimized, leading to the identification of the so-called Pareto-
optimal front. The widely used NSGA-II algorithm was implemented and applied for the 
optimization of the ARGET ATRP of butyl methacrylate considering two conflicting objectives, 
i.e. batch time to reach a monomer conversion (XM) of 0.75 and final dispersity (Ð). A literature 
based deterministic kinetic model is used and optimization programs for (i) temperature, (ii) 
monomer addition, and (iii) reducing agent addition are considered as well as their combinations. 
All three single objective optimization strategies resulted in the identification of a Pareto optimal 
front and thus the in silico optimization of at least one objective. The comparison of these single 
objective optimization strategies allows to conclude that the monomer addition program is the 
most promising and that combined optimization strategies show a synergistic effect leading to an 
even more improved Pareto-optimal front. Explanation of the optimization strategies for the 
ARGET ATRP of butyl methacrylate is provided based on the kinetic significance of several key 
reactions rates, such as termination and the ratio of propagation to deactivation probability 
(Pprop/Pdeac). Secondly, the NMP of styrene, using the kinetic model developed in Chapter 3, is 
considered using three objectives: batch time (XM = 0.75), Ð, and EGF. Again temperature -, 
monomer addition -, and initial nitroxide amount programs are considered. Pareto-optimal fronts 
are optimized showing that a temperature program is most promising, as hinted by the simpler 
stepwise temperature program as introduced in Chapter 3. A kinetic explanation of the obtained 
optimization stategies is provided by considering the termination probability and Pprop/Pdeac, as 
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well as the reaction probability for the transfer to dimer reaction, highlighting the importance of 
the model developed in Chapter 3. 
In Chapter 5, a transition towards copolymer systems is made. The kMC code is applied for 
improved insights and optimization pathways into the synthesis of sequence-controlled polymers 
via NMP. These sequence-controlled polymers have attracted a lot of attention as they allow the 
incorporation of functionalities at desired positions in the polymer chain via the use of an 
electron-donor (styrene) and an electron-acceptor comonomer (N-benzyl maleimide, BzMI; the 
functional monomer). First, an experimental data set, using BlocBuilder as NMP initiator, is 
gathered and used for model validation. Subsequently, the kMC model is used for explicit 
visualization of the copolymer chains. A posteriori analysis allows novel insights into the 
preciseness of the functional monomer placement in the chains. It is shown that a rather broad 
distribution of the functional monomer results, both around its absolute and relative position 
along the polymer chain. Another quality criterion for sequence-controlled polymers is the 
distribution of the number of functional monomer over the polymer chains. Here also, for the 
batch process mediated by SG1, a far from ideal picture arises with a rather broad distribution. 
For the first time, the distribution of activation-growth-deactivation cycles with respect to their 
number of propagation steps is quantified. Therefore, in silico optimization strategies are 
explored. Fed-batch addition of styrene shows to improve both the relative and absolute position 
of the BzMI functionality. The influence of the mediating agent is investigated by means of grid 
simulations varying the activation (ka) and deactivation rate coefficients (kda) of the macrospecies. 
Based on these results, it is shown that SG1 does not possess ideal mediating capabilities in light 
of sequence-controlled polymer synthesis. A nitroxide possessing a higher kda would lead to a 
better distribution of the functional monomer units among the polymer chains. Finally, the 
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model-based optimized strategy is demonstrated for a trifunctionalized sequence-controlled 
poly(styrene) product. 
Chapter 6 encompasses an in silico kinetic study using the kMC code to demonstrate the 
importance of penultimate monomer unit (PMU) for the reactivity of macroradicals and dormant 
macrospecies in the ICAR ATRP of n-butyl acrylate (nBA) and methyl methacrylate (MMA) 
using a literature based kinetic model. PMU effects are considered on both the propagation and 
(de)activation steps. Grid simulations are used to identify suitable batch reaction conditions from 
which it was concluded that the nature of the ATRP initiator is crucial for successful ICAR 
ATRP. A tertiary ATRP initiator is preferred over a secondary one as the latter leads to too slow 
initiation, thereby deteriorating the microstructural control. The occurrence of a two-step 
initiation stage is found for the tertiary initiator, due to strong differences in the reactivities of the 
different (meth)acrylic macrospecies. For the batch simulations, the importance of PMU effects 
on propagation and (de)activation is independently demonstrated and proves to be crucial. The 
former are more relevant for the initiation stage whereas the latter mostly influence the 
(de)activation equilibrium at higher conversions. The temperature dependence of the reactivity 
ratios, often neglected in kinetic studies, shows to be non-negligible. The batch ICAR ATRP of 
nBA and MMA with an equimolar initial feed composition yields a so-called “natural” gradient 
copolymer which can be improved via a fed-batch program. It is demonstrated how the PMU 
affects the gradient quality (<GD>). The in silico determination of an ideal fed-batch program 
depends strongly on the PMU effects considered. Overall, this chapter strongly suggests that 
possible PMU effects should be considered whenever possible as they can have a profound effect 
on the copolymerization. 
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Chapter 7 presents a combined experimental and modeling study for NMP of MMA with and 
without a small amount of styrene initiated by BlocBuilder. The NMP of MMA mediated by SG1 
is deteriorated due to a side-reaction in which the nitroxide SG1 may disproportionate with MMA 
macroradicals along with a too large (de)activation equilibrium. Dedicated homopolymerization 
conditions are designed to determine an updated rate coefficient for this side reaction. It is 
demonstrated that lab-scale polymerization experiments are non-isothermal, which needs to be 
incorporated in the model in view of parameter assessment. By adding a small amount of styrene, 
the overall (de)activation equilibrium is decreased. In this copolymerization, adjusting the 
activation radical reactivity ratio (styrene terminal unit) allows an adequate prediction of a large 
set of experimental data. The kMC code is applied to map the influence of the initial styrene 
content and identify thresholds for acceptable control. Insights into the explicit copolymer 
microstructure are provided as well as into the individual activation-growth-deactivation cycles 
which display atypical distributions for RDRP processes as the zero-growth cycles are promoted 
by the presence of a small styrene amount. 
Finally, in Chapter 8 the main conclusions of this PhD are summarized and an outlook for 
possible future research is provided. 
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Chapter 1. Introduction and scope of thesis 
1.1 Introduction 
Reversible deactivation radical polymerization (RDRP), also known as controlled radical 
polymerization (CRP), has emerged as a powerful polymerization tool in recent decades allowing 
the synthesis of polymer products with a controlled composition and architecture.
1
 RDRP finds 
its origins in classical free radical polymerization (FRP) techniques which can be considered a 
matured polymerization technique. FRP has been around since the 1950s and has since 
experienced an enormous growth partly thanks to its many beneficial attributes such as its 
compatibility with a large range of monomer families, the tolerance towards impurities and the 
absence of stringent reaction conditions. However, a poor control over the microstructure of the 
polymer product is achieved. This control over microstructure of polymers is an important 
prerequisite for many high-tech applications in markets such as, for example, the detergents, 
cosmetics, health, coating and electronics industries.
2
 Control over the microstructure allows the 
synthesis of more complex polymer architectures. Figure 1.1 displays the variety of polymeric 
microstructures which can be achieved using RDRP techniques. These microstructures can differ 
in their composition, architecture, functionalization and conformation. Early attempts at 
achieving the required control over such polymer microstructures involved anionic and cationic 
polymerizations.
3, 4
 However, these techniques show a strong intolerance towards impurities and 
require typically stringent reaction conditions, e.g. the complete absence of water, thereby 
limiting their industrial applicability. Nevertheless, living polymerization are employed 
industrially in for example the synthesis of poly(styrene-butadiene-styrene) rubber. 
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Figure 1.1. Complex polymer microstructures achievable via RDRP techniques. Adopted from Toloza et 
al.
5
 
Therefore, in the past decades, novel polymerization techniques, so-called controlled radical 
polymerization techniques (CRP), have been investigated to establish control over polymer 
microstructure. Such CRPs combine the advantages of FRP (mild reaction conditions) with the 
positive characteristics of ionic polymerizations (“living” character). These CRPs are mostly 
based on reversible deactivation radical polymerization (RDRP) techniques and form the basis of 
this thesis. The three most important RDRP techniques are nitroxide mediated polymerization 
(NMP), atom transfer radical polymerization (ATRP), and reversible addition/fragmentation 
chain transfer (RAFT) polymerization. In this PhD, attention will be on NMP and several 
variations of the ATRP techniques. Below a short overview of these different RDRP techniques 
will be given. 
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1.1.1 Nitroxide mediated polymerization 
Nitroxide mediated polymerization can be considered the easiest RDRP technique to apply and 
has been historically the earliest RDRP technique. Moad et al. published a pioneering paper in 
1982 on the inhibition of the thermal initiation of styrene by scavenger nitroxide species, such as 
2,2,6,6-tetramethylpiperidinyloxyl (TEMPO).
6
 The principle of NMP relies on the temporary 
deactivation of the radicals by a nitroxide species, the mediating agent. The basic kinetic scheme 
of NMP is shown in Figure 1.2. Upon activation of the initiating alkoxyamine R0X (ka0), via a 
homolysis reaction, an initiator radical (R0) and the mediating agent, the nitroxide (X), are 
released. The R0 species may deactivate again (kda0), or it can undergo a chain initiation (kp0) by 
adding a monomer unit resulting in the formation of a macroradical (Ri). This macroradical will 
undergo several propagation steps (kp) before it is deactivated (kda) by the nitroxide. This 
temporary deactivation results in the formation of dormant macrospecies (RiX) which remain in 
the dormant state before they are activated again. This deactivation maintains the radical 
concentration at much lower levels than comparable FRPs, thus leading to much less termination 
reactions (kt) in comparison with FRP, as the rate of these termination reactions depend on the 
square of the radical concentration, ultimately avoiding formation of so-called dead polymer 
products (Pi). 
Importantly, in NMP processes, deactivation reactions are favored due to the so-called persistent 
radical effect.
7-9
 Initially, the alkoxyamines dissociate and produce the nitroxide mediating 
agents, i.e. the persistent radicals, and the radical initiating species, the so-called “transient 
radicals”. In this early stage, the concentration of both radical types increases quasi-linearly as a 
function of time, leading to high transient radical concentrations and subsequent irreversible 
termination reactions, leading to the formation of dead polymer products. At the same time, the 
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transient radical concentration decreases whilst the persistent radical species are accumulating. 
This build-up of the nitroxide species favors the deactivation reaction, shifting the pseudo-
equilibrium even further to the dormant side, lowering the transient radical concentration and 
minimizing the termination rate. For a more detailed explanation of this persistent radical effect, 
the reader is referred to the excellent article by Tang et al.
10
 
 
Figure 1.2. Principle of nitroxide mediated polymerization (NMP); (d)a, p,t: (de)activation, propagation, 
termination; 0: NMP initiator related; M: monomer, R0X: alkoxyamine, X: nitroxide. 
Next to using an alkoxyamine as initiating species, i.e. the so-called unimolecular pathway, also a 
bicomponent pathway to start a NMP is possible. This process uses a conventional thermal 
initiator (I2), such as 2,2-azobisisobutyronitrile (AIBN) or benzoyl peroxide (BPO), in 
combination with so-called “free” nitroxide. Using the bicomponent pathway, an additional 
degree of freedom in the reaction conditions becomes available, namely the ratio of nitroxide to 
conventional initiator, which should be tuned for a successful NMP.
11, 12
 
The success of a NMP depends strongly on the chemical structure of the mediating nitroxide 
agent. An overview of some of the most applied and historically important nitroxides is given in 
Figure 1.3. TEMPO was the earliest nitroxide proven to be an effective NMP initiator, but 
suffered from several drawbacks such as its incompatibility with many monomer families, due to 
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side reactions or a too high or low (de)activation equilibrium, mainly limiting its use to styrenic 
monomers and the necessity for high temperatures due to a low activation-deactivation 
equilibrium coefficient, leading to very slow polymerizations. The need for higher temperatures 
can be explained by both the high activation energy of the activation reaction and the near-zero 
activation energy of the deactivation reaction. Therefore, novel nitroxides have been investigated 
such as the acyclic ditertiary butyl nitroxide (DTBN/DBNO) which displays a higher 
(de)activation equilibrium coefficient than TEMPO and thus allowed lower reaction temperatures 
to be used.
13
 This led to further investigation into these acyclic nitroxides, as done by Hawker et 
al.
14
 who developed the more sterically hindered TIPNO nitroxide, the first nitroxide that was 
able to control a wider range of monomer families such as styrenics, acrylates and dienes. A 
further breakthrough came by introducing heteroatoms into these acyclic nitroxides which lead to 
the development of one of the most commonly used nitroxides called SG1 or DEPN.
15, 16
 This β-
phosphorylated nitroxide proved to be the most versatile nitroxide used in NMP so far which led 
to its commercialization by the French company Arkema in the form of the alkoxyamine 
BlocBuilder®, also known as MAMA-SG1. For an excellent review on the large variety of 
nitroxides and alkoxyamines developed the reader is referred to Nicolas et al.
17
 In case of a 
unimolecular (initiation) pathway, the chemical structure of the R0 radical needs to be carefully 
tuned, to ensure efficient chain initiation.
17
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Figure 1.3. Chemical structures of some historically important nitroxides/alkoxyamines 
1.1.2 Atom transfer radical polymerization 
ATRP is a catalytic process which employs a transition metal complex, such as iron, nickel or 
copper. The latter has proven to be the most efficient transition metal and has been used for the 
RDRP of many types of monomers, such as styrenics, (meth)acrylates, (meth)acrylamides, etc. 
Many types of ATRP catalysts have been developed throughout the years. The most frequently 
applied ATRP catalysts are N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA), tris(2-
pyridylmethyl)amine) (TPMA) and tris[2-(dimethylamino)ethyl]amine (Me6TREN), which are 
complexes made out of copper bromide and/or copper chloride. 
 
Figure 1.4. Principle of normal, ICAR, and ARGET ATRP. 
The principle of atom transfer radical polymerization (ATRP) is shown in Figure 1.4. In this 
classical ATRP processes, typically, a Cu(I)-complex, i.e. the activator species, catalyses the 
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homolytic cleavage of the carbon-halide bond (C-X) of an ATRP initiator (R0X). This reaction 
forms a transition metal complex in its higher oxidation state, i.e. Mt
(n+1)
-complex or the 
deactivator species. The R0 species will function as radical initiator and add monomer units, 
forming a macroradical. This macroradical continues growing until it reacts with the deactivator 
species, forming a carbon halide bond (C-X) and regaining the end-group functionality of the 
polymer molecule. This molecule remains dormant until the next activation reaction. Just as in 
NMP, termination is never fully suppressed, especially at low reaction times, and thus a build-up 
of the deactivator species occurs, also known as the persistent radical effect and leading to a 
decrease of the macroradical concentration. Normal ATRP has proven to be compatible with 
many monomers at relatively low reaction temperatures, which are two of the major drawbacks 
for NMP. However, normal ATRP suffers from various disadvantages. Firstly, all molecular 
oxygen must be removed from the reaction mixture, because the catalyst may react with oxygen. 
Secondly, to achieve a controlled normal ATRP, high catalyst concentrations are required, which 
is costly. Moreover, these metal complexes are toxic and must be removed from the product. This 
intensive purification step inhibits industrial realization. In order to overcome these drawbacks, 
improved initialization methods for ATRP have been developed, resulting in more commercially 
attractive ATRPs. The two best known examples of these alternative ATRP techniques, both of 
which are studied in this thesis, are activators regenerated by electron transfer (ARGET) ATRP 
and initiators for continuous activator regeneration (ICAR) ATRP and will be briefly discussed. 
They share common benefits, namely that the catalyst is initially present in its deactivated form, 
which does not react with molecular oxygen and that the required catalyst amounts are much 
lower than when initializing the ATRP normally, i.e. starting from the activator. These two ATRP 
techniques are introduced below. 
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The principle of ARGET ATRP is also shown Figure 1.4 and differs from the classical ATRP 
process in the presence of a reducing agent, for example tin(II) 2-ethylhexanoate (Sn(EH)2). This 
reducing agent is added in excess with respect to the ATRP catalyst which is typically present in 
much lower amounts than in normal ATRP (typically 50-300 ppm vs. 500-1000 ppm with respect 
to monomer, respectively). The reducing agent will in situ reduce the deactivator species resulting 
in the regeneration of the activator species, thereby counteracting the build-up of deactivator 
species due to irreversible termination. Next to lowering the catalyst amount, this allows also to 
start the ARGET ATRP with the deactivator species instead of the activator species. As the 
former is much less sensitive to oxygen, this allows less stringent reaction conditions. 
In ICAR ATRP (see Figure 1.4), the polymerization is again started with the oxygen insensitive 
deactivator in the presence of conventional radical initiator (I2). As such, a FRP and “normal” 
ATRP process is mixed to allow for an acceptable polymerization rate and excellent 
microstructural control. Mechanistically, the I2 will continuously generate radicals which can 
participate in the propagation reactions and react with deactivator molecules to (re)generate 
activator species to compensate for the build-up of deactivator species due to inevitable 
termination reactions. 
1.1.3 Reversible addition/fragmentation chain transfer 
RAFT polymerization is one of the most promising industrially attractive RDRP techniques 
which has been developed by the CSIRO group in Australia.
18
 In contrast to NMP and ATRP, the 
RAFT process does not rely on the persistent radical effect but rather control is established 
through the degenerative transfer principle. Thiocarbonylthio compounds, the so-called RAFT 
chain transfer agent (CTA), are used as mediating agents. The process involves conventional free 
radical initiator (I2) which generates radicals which propagate until they are either terminated or 
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react with the RAFT CTA to form the intermediate RAFT species. This intermediate radical has 
two pathways of fragmentation. An equilibrium between active chains and sleeping (macro) 
CTA-molecules is established resulting in controlled conditions. The RAFT polymerization 
technique is not considered in this thesis. 
1.2 Objectives and outline 
In this thesis, the generic modeling platform for radical polymerizations developed at the LCT is 
further extended. The advantage of the generic approach is that a single platform can be used to 
optimize many polymerizations, as opposed to developing a separate model for every individual 
polymerization. This generic platform consists of two numerical techniques for optimal 
flexibility. The first technique is the method of moments (deterministic) and is aimed toward fast 
computation of average microstructural characteristics (e.g. EGF, dispersity and average chain 
length), which can be used for estimation of rate coefficients and, for the first time, applied for 
Pareto optimization of RDRP. The second technique is a matrix-based kinetic Monte Carlo 
technique (stochastic) which is computationally expensive but ideally suited for highly detailed 
kinetic and microstructural insights on the arrangement of the monomer units (i.e. novel 
distributions of e.g. (de)activation-growth cycle and location of functionalities). The added value 
of both approaches is illustrated throughout this thesis for a number of standard RDRPs. 
This generic modeling platform is used to model and optimizing several important RDRPs, 
considering, for the first time at the LCT, penultimate monomer units effects when feasible. The 
predictive abilities of the models are verified by validating against experimental data whenever 
possible, using dedicated reaction conditions to reliably capture competition between desired and 
undesired elementary reactions. In a next step, the model is used to guide experimental design of 
polymer microstructures, i.e. a model-guided approach is followed to obtain novel insights and 
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optimization strategies. These modeling insights into the kinetics of the RDRP processes, 
unattainable with exclusively experimental techniques, will be used to explain the observed 
experimental trends and to quantify and predict the reaction kinetics, a vital aspect for optimizing 
RDRP techniques. A more detailed, chapter-by-chapter, overview is given below. 
The PhD-thesis is divided into 8 independent chapters, of which chapter 2-7 are related to journal 
papers which have been published or will be published in the near future. Chapter 2 is a 
theoretical introductory chapter which provides an overview of the state-of-the-art computational, 
analytical and experimental techniques for predicting copolymerization properties. It serves as a 
basis for understanding the advanced modeling concepts used in later chapters. Chapter 3 
presents an investigation into the NMP of styrene initiated by BlocBuilder, a widely used 
alkoxyamine. A large experimental data set over a broad range of conditions was acquired to 
determine improved NMP specific rate coefficients using regression analysis and a deterministic 
kinetic model. The stochastic model was used to gain kinetic insights into the deteriorating effect 
of side reactions related to the thermal initiation of styrene and into the efficiency of the initiation 
stage of the NMP. A model-guided optimization strategy using a stepwise temperature program 
was identified and experimentally confirmed. In Chapter 4, the concept of Pareto optimality is 
applied for two RDRP processes, i.e. ARGET ATRP of butyl methacrylate and the NMP of 
styrene. Literature based deterministic models were employed in combination with a genetic 
multi-objective optimization algorithm to identify the optimization strategies via for example a 
temperature program or reagent addition profile and the trade-off between the conflicting 
objectives is quantified. Explanation of these optimization strategies is provided based on the 
kinetic significance of several key reaction rates. In Chapter 5, a shift is made towards 
copolymerization systems. More specifically, the synthesis of well-defined sequence-controlled 
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polymers synthesized via NMP of an electron-donor (styrene) and electron-acceptor (N-benzyl 
maleimide) initiated by BlocBuilder was investigated. Advanced kinetic Monte Carlo simulations 
allow to quantify the product quality, focusing on specific attributes related to these sequence-
controlled polymers such as the precision of the functional monomer placement and the 
distribution of the functional monomer along the individual polymer chains. It is also shown that 
the nitroxide mediating capabilities and reaction conditions can be tuned to optimize the 
sequence-control. The observed trends are explained in terms of the individual activation-growth-
deactivation cycles, which can only be accessed using a kinetic Monte Carlo modeling 
framework. In Chapter 6, the importance of penultimate monomer unit effects and the initiator 
choice for the ICAR ATRP of n-butyl acrylate and methyl methacrylate was assessed in silico 
using literature based stochastic models. Specific focus was on the synthesis of gradient 
copolymers. It is shown that PMU effects cannot be ignored, as is often done in kinetic studies, as 
they influence the identification of the most suited ICAR ATRP reactants and reaction conditions. 
Explanations of the formulated insights are provided again by means of interpreting the relative 
contribution of several key reaction steps. Finally, in Chapter 7, the NMP of methyl 
methacrylate with and without a small amount of styrene initiated by BlocBuilder is investigated. 
These polymerizations are notoriously difficult to control, due to a too high (de)activation 
equilibrium coefficient of terminal MMA macrospecies and side-reactions. Moreover, these 
uncontrolled conditions lead to a non-isothermal RDRP. Therefore, a small amount of styrene is 
added to decrease the (de)activation equilibrium coefficient. A dedicated experimental data set 
(methyl methacrylate without styrene) is used for the determination of Arrhenius parameters for 
the disproportionation to nitroxide reaction, the main side reactions leading to a failure of the 
NMP of MMA. Because such side reactions are activated, the relevance of incorporating the non-
isothermicity of the copolymerization into the kinetic model is demonstrated. In a next step, 
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copolymerization data (methyl methacrylate with styrene) are described using the kinetic Monte 
Carlo model, improving the predictive power of the model. This model provides insights into the 
copolymer microstructure. Here also, explanations of the observed trends are provided by again 
looking at the relative contribution of several key reaction steps and by tracking the individual 
activation-growth-deactivation cycles. 
As such, throughout this thesis, the strength of a model-based approach is demonstrated for 
several RDRP systems. Thorough interpretation of the results is each time provided by analysis 
of the kinetic characteristics of RDRP processes leading to an improved understanding of these 
RDRP processes in general. 
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Chapter 2. Analytical and advanced models for characterization of chain-growth 
copolymerization: the state-of-the-art 
Summary 
A detailed overview is given on the currently developed models to calculate the key chain-growth 
copolymerization characteristics, differentiating between the polymerization rate and 
compositional properties (e.g. average copolymer composition, segment length distribution, and 
monomer sequences). Both terminal and penultimate reactivity models are included and the 
relevance of their parameters is highlighted through examples. Focus is first on analytical models 
which limit themselves to the description of the propagation kinetics and implicitly account for 
time dependencies. The focus is then shifted to advanced models, in particular multivariate ones 
that employ distributions with respect to a distinct number of microstructural variates of interest 
such as chain length and copolymer composition. Also the more recently developed explicit 
models in which the compositional and temporal changes are fully tracked along the copolymer 
chains are covered. This chapter is submitted in React. Chem. Eng. 
2.1 Introduction 
Many industrial polymerizations are chain polymerizations. The core reaction types of chain 
polymerizations are initiation, propagation, and termination/elimination, as illustrated for free 
radical polymerization (FRP) in Figure 2.1.
1, 2
 The reactive species can be a free radical as in 
FRP,
2
 an ion as in anionic and cationic polymerization,
3, 4
 or can be bound to a metallo-organic 
center as in coordination polymerization.
5
 If the reactive species is a radical the tolerance towards 
impurities and water is high, reaction conditions are mild, and a wide range of monomers can be 
polymerized.
6
 FRP is one of the polymerization technique which allows facile copolymerization, 
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i.e. a polymerization in which two or more monomers are polymerized together. The interesting 
feature of copolymer products is that they allow modifying the material properties of the 
corresponding homopolymers, allowing a wide range of property tuning in case the appropriate 
comonomer concentrations and reaction temperature are selected. Some notable examples of 
commercialized copolymers are poly(ethylene-vinyl acetate), linear low density polyethylene 
(LLDPE), poly(methyl methacrylate – butyl acrylate), poly(styrene-butadiene), poly(styrene-
acrylonitrile), and poly(acrylonitrile-butadiene-styrene).
1, 7, 8
 
 
Figure 2.1. Principle of basic chain polymerization illustrated for free radical polymerization; dis, ini, p, 
td, tc: dissociation, initiation, propagation, termination via disproportionation and termination via 
recombination; I2: conventional radical initiator, R: radical species, P: dead polymer species; i,j = chain 
length. 
Due to the stochastic nature of chain growth polymerizations, the formed macrospecies are 
distributed with respect to their chain length (e.g. 1 to 10
5
) and, in the case of copolymerization, 
with respect to their copolymer composition (e.g. 0 to 100% of comonomer 1). Moreover, these 
macrospecies can be branched with the type and locations of the branches as additional variables. 
In general, the composition and topology of every chain can thus be different. A control of the 
time evolution of the microstructure of these many polymer chains is crucial as their 
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intermolecular interaction determines the processability and properties of the final polymer 
product.
9
 A detailed polymer characterization during synthesis is thus needed but the 
identification of multiple compositional and topological microstructural distributions is 
experimentally and computationally very demanding. Historically, main focus has therefore been 
on the role of propagation reactions as they are the main contributor to a variation in 
polymerization rate and control over polymer properties.
7, 10-14
 
Several analytical models have been derived to calculate mostly instantaneous copolymer 
characteristics. Common in these models is the pseudo-steady state approximation (PSSA) for the 
calculation of the active macrospecies concentrations, which states that the temporal changes of 
these reactive species are assumed much smaller than the other species. To avoid the disturbance 
by other rate coefficients, the chain initiation and termination rates are assumed to be also 
balanced. In order to limit the number of propagation rate coefficients needed, it is further 
assumed that remote substituents, further away than a certain number of monomer units from the 
reactive center, have no effect on the propagation reactivity. Most often this number is assumed 
to be one or two. These (reactivity) models are referred to as terminal (first order Markov chains) 
and penultimate (second order Markov chains) models.
15-17
 In rare cases and outside the scope of 
this work, the number is three and the associated model is denoted an ante-penultimate or pen-
penultimate (third order Markov chains) model.
18, 19
 Several research groups have also extended 
the analytical models if additional phenomena (e.g. depropagation and reversible radical 
deactivation polymerization) can take place.
20-24
 
In a terminal description of the propagation rate coefficients, only the last monomer unit of the 
active macrospecies is considered and thus 4 distinct propagation rate coefficients result for a 
copolymerization involving two comonomers. Based on the 4 propagation rate coefficients, two 
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monomer (propagation) reactivity ratios are typically defined: 𝑟1 = 𝑘𝑝,11 𝑘𝑝,12⁄  and 𝑟2 =
𝑘𝑝,22 𝑘𝑝,21⁄  (first subscript: terminal unit of active macrospecies, second subscript: monomer 
type). Hence, upon knowing the homo-propagation rate coefficients the cross-propagation rate 
coefficients follow from these reactivity ratios. In case a penultimate description is considered 
eight propagation steps can be distinguished. This leads to 4 monomer reactivity ratios (𝑟1 =
𝑘𝑝,111 𝑘𝑝,112⁄ , 𝑟2 = 𝑘𝑝,222 𝑘𝑝,221⁄ , 𝑟1
′ = 𝑘𝑝,211 𝑘𝑝,212⁄ , and 𝑟2
′ = 𝑘𝑝,122 𝑘𝑝,121 ⁄ (first two 
subscripts penultimate and terminal unit of active macrospecies, third subscript monomer type) 
and 2 so-called radical reactivity ratios (𝑠1 = 𝑘𝑝,211 𝑘𝑝,111⁄  and 𝑠2 = 𝑘𝑝,122 𝑘𝑝,222⁄ ), for which in 
contrast to a monomer reactivity ratio the radical type is varied and the monomer fixed.
22
 A 
simplified so-called implicit penultimate model is obtained if the penultimate monomer unit 
(PMU) only influences the reactivity of the propagating radical and not the selectivity toward a 
monomer type.
25
 This implies that 𝑟1 = 𝑟1
′ and 𝑟2 = 𝑟2
′. Monomer reactivity ratios can vary 
significantly. For example, monomer reactivity ratios near zero have been reported for alternating 
like copolymers (comonomers: styrene and maleic anhydride; r1/2 = 0.00-0.02)
26
 to rather high 
values (e.g. r1 = 6.7 with r2 = 0.02 for comonomers maleic anhydride and methyl methacrylate).
27
 
On the other hand, for radical reactivity ratios, a smaller range has been reported with values 
closer to unity (0.22-3.01).
28
 
Reactivity ratios will appear in all analytical copolymerization models, as they determine to a 
large extent the microstructural arrangement of the monomer units within the copolymer. In 
general, it is accepted that terminal models can often not adequately describe the 
copolymerization kinetics and that penultimate models should be applied.
10, 29, 30
 However, 
terminal models are still widely applied due to their simplicity and ease of use, in particular for 
process control.
10, 31
 The most popular penultimate model is the implicit one.
10, 22
 Although its 
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fundamental nature is questionable,
10, 29, 32, 33
 it requires a limited number of parameters to be 
tuned while sharing features with the straightforward terminal model.  
Determination of reactivity ratios is mostly done by regression analysis to analytical equations, 
using experimental data obtained from techniques for determination of the copolymer 
composition, such as nuclear magnetic resonance (NMR), infrared (IR) spectroscopy, or gas 
chromatography (GC).
7, 34, 35
 Recently, matrix assisted laser desorption/ionization time-of-flight 
analyzer mass spectroscopy (MALDI-TOF MS) data have also been considered.
36
 The advent of 
ab initio calculations lead in turn to the determination of reactivity ratios on a purely theoretical 
basis.
28, 37, 38
 In addition, pulsed laser polymerization has been explored to study copolymerization 
parameters.
39-41
  
Next to analytical models in the last decades also more advanced (kinetic) models have been 
developed that take into account more than the basic propagation reactions but also correct for 
possible side reactions and molecular diffusional limitations.
13, 14, 42-47
 Both deterministic and 
stochastic modeling techniques have been developed which allow the simulation of 
copolymerization processes with different levels of microstructural detail and computational 
cost.
13, 14, 42, 44, 46, 48-51
 The polymer microstructure can be described using average characteristics 
(e.g. number of average chain length or average copolymer composition) or using distributions 
with respect to a distinct number of microstructural variates of interest, such as chain length, 
branching degree, and (copolymer) composition.
46, 52-55
 Most focus has been on univariate and 
bivariate deterministic models, although recently also more advanced stochastic models have 
been developed benefiting from the increased memory power of modern computers.
13, 43, 49, 55-58
 
For models in which the number of microstructural variables is larger or equal than 2, leading to 
so-called multivariate models, and/or the number of reactions and the maximum chain length are 
20 Chapter 2 
very high, a severe computational cost results. In such cases, so-called explicit modeling 
techniques are more recommended.
13, 42, 59-61
 For example, Van Steenberge et al.
59
 visualized 
monomer sequences of individual chains in controlled radical polymerization (CRP) or 
deactivation radical polymerization (RDRP), considering a detailed reaction scheme and 
diffusional limitations. The authors employed matrix-based kinetic Monte Carlo (kMC) 
simulations, starting from the basic Gillespie
62
 algorithm and the theoretical developments of 
Szymanski,
63
 and Wang and Broadbelt.
64
 Any desired microstructural distribution, such as the 
chain length distribution (CLD) or the copolymer composition-CLD (CoC-CLD) describing the 
fraction of chains with a given length and fraction of a comonomer type, can be calculated a 
posteriori.
65, 66
 Recently, Lemos and Pinto
60
 applied this explicit modeling strategy for controlled 
polymerizations accounting for residence time distributions and D’hooge et al.42 extended the 
matrix-based modeling strategy for CRPs with short chain branch formation (SCB). Not only the 
monomer sequences for the individual backbones but also the location and compositions of the 
SCBs could be visualized. Furthermore, Hernandez Ortiz et al.
67
 applied the matrix-based kMC 
concept for polymer graft lengths. 
In this contribution, an overview of the most important analytical and advanced models to obtain 
bulk/solution chain copolymerization characteristics is given, considering copolymerization with 
two comonomers unless stated otherwise. The text is organized according to the increase in 
desired modeled microstructural detail, starting with average polymer characteristics, over to uni- 
and multivariate descriptions, and ending with explicit kinetic modeling techniques. A further 
distinction is made between models for the calculation of the polymerization rate and the 
copolymer microstructure, focusing on linear polymers. 
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2.2 Basic models for average properties 
The simplest copolymerization models describe a limited number of average properties as a 
function of the monomer feed composition (f1; molar fraction of comonomer 1) and the 
propagation rate coefficients and/or reactivity ratios. Focus has been on (analytical) models for 
the calculation of the polymerization rate and average compositional properties. 
2.2.1 Polymerization rate 
The average propagation rate coefficient of a copolymerization 〈k𝑝〉, as defined with respect to 
the total radical and monomer concentration, is an important property of a copolymerization 
process as it allows to assess the time needed to polymerize a given monomer feed according to 
Equation (2.1) with M and R
*
 being the total monomer and radical concentration. The analytical 
formulas for 〈k𝑝〉 assuming a terminal and a penultimate polymerization model are given in 
Equation (2.2) and (2.3)-(2.5), respectively.
1, 43
 
Rp = 〈k𝑝〉[𝑀][𝑅
∗] (2.1) 
〈k𝑝〉 =
𝑟1𝑓1
2 + 2𝑓1(1 − 𝑓1) + 𝑟2(1 − 𝑓1)
2
𝑟1𝑓1 𝑘𝑝,11⁄ + 𝑟2(1 − 𝑓1) 𝑘𝑝,22⁄
 (2.2) 
〈k𝑝〉 =
𝑟1̅𝑓1
2 + 2𝑓1(1 − 𝑓1) + 𝑟2̅(1 − 𝑓1)
2
𝑟1̅𝑓1 𝑘𝑝,11̅̅ ̅̅ ̅̅⁄ + 𝑟2̅(1 − 𝑓1) 𝑘𝑝,22̅̅ ̅̅ ̅̅⁄
 (2.3) 
𝑟1̅ =
𝑟1
′(𝑓1𝑟1 + (1 − 𝑓1))
𝑓1𝑟1
′ + (1 − 𝑓1)
; 𝑟2̅ =
𝑟2
′(𝑓1 + (1 − 𝑓1)𝑟2)
𝑓1 + (1 − 𝑓1)𝑟2
′  (2.4) 
𝑘𝑝,11̅̅ ̅̅ ̅̅ =
𝑘𝑝,111(𝑟1𝑓1 + (1 − 𝑓1))
𝑟1𝑓1 +
(1 − 𝑓1)
𝑠1⁄
; 𝑘𝑝,22̅̅ ̅̅ ̅̅ =
𝑘𝑝,222(𝑓1 + 𝑟2(1 − 𝑓1))
𝑟2(1 − 𝑓1) +
𝑓1
𝑠2⁄
  
(2.5) 
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Upon derivation of these formulas, the QSSA is applied to the macroradicals, i.e. it is assumed 
that the cross-propagation rates are balanced, and it is assumed that consumption of the monomer 
occurs only via propagation steps. For the terminal model, the monomer reactivity ratios appear 
in Equation (2.2) along with the two individual homo-propagation rate coefficients. Upon 
knowledge of the latter this equation thus allows to estimate the reactivity ratios or cross-
propagation rate coefficients. For the penultimate model, a very similar equation is obtained as 
for the terminal model (Equation (2.3) vs. Equation (2.2)), although additional factors are needed 
that are a function of the additional monomer and radical reactivity ratios (ri’ and si; i=1,2) 
considered. For the special case in which the s values are unity the correction factors for the 
homopolymerization coefficients disappear (Equation (2.5)), and Equation (2.2) and (2.3) become 
even identical if also equal r and r’ values are obtained (implicit PMU model). In general it can 
be expected that the r
(‘)
 and s values do differ from unity and strong differences between 
penultimate and terminal model predictions can be established. The latter is theoretically 
illustrated in Figure 2.2 for a broad set of reactivity ratios, varying all reactivity ratios related to 
monomer type 1 one order of magnitude in both directions, with terminal reactivity results of 
unity as basic case (full red line in Figure 2.2). The other lines are perturbations on the reactivity 
ratios of this basic case, with a variation of r1 (Figure 2.2 (a)), r1’ (Figure 2.2 (b)) and s1 (Figure 
2.2 (c)). In other words, in case PMU effects are sufficiently strong terminal descriptions 
inherently fail. 
A weakness of the analytic models is that it is not straightforward to include an accurate time 
dependence. Either the f1 temporal evolution needs to be known or kept constant through 
monomer addition. In that respect, any advanced kinetic model, either based on differential 
equations or the stochastic sampling of reaction events, always allows to calculate 〈k𝑝〉 a function 
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of f1 and time and thus to obtain the copolymerization rate.
13, 14, 44
 In particular, corrections for 
diffusional limitations can be made so that proper time dependencies can be simulated. For 
example, the apparent termination reactivity in radical polymerization is known to decrease 
significantly with increasing monomer conversions and viscosities.
68-71
 A correction based on 
analytical expressions, typically with constant termination reactivities, is in this context too 
approximate and should be avoided.
70
 
 
Figure 2.2. Influence of PMU effect on the analytical average propagation rate coefficient <kp> 
(Equation (2.2)- (2.5)) for kp,111 = 10 L mol
-1
 s
-1
 and kp,222 = 1 L mol
-1
 s
-1
 with r2 = r2
’
 = s2 = 1 and (a) 
r1 = 1 (red full line; terminal reference case), r1 = 0.1 (blue dashed line), r1 = 10 (green dotted line), (b) 
r1
’
 = 1 (red full line), r1
’
 = 0.1 (blue dashed line), r1
’
 = 10 (green dotted line), and (c) s1 = 1 (red full line), 
s1 = 0.1 (blue dashed line), s1 = 10 (green dotted line). 
2.2.2 Compositional and microstructural properties 
The two most popular average compositional properties of copolymers are the instantaneous 
copolymer composition (F1,inst) and the instantaneous average segment length of comonomer type 
1 (𝑙1,𝑖𝑛𝑠𝑡,̅̅ ̅̅ ̅̅ ̅). The former describes the average fraction of one comonomer type incorporated over 
all active chains. The latter is the average length of the segment of comonomer type 1, whereby a 
segment is defined as a sequence of comonomers of the same type. The cumulative properties are 
denoted without the subscript “inst”. 
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Instantaneous copolymer composition 
The so-called Mayo-Lewis model is the key calculation method for F1,inst and is given for a 
terminal copolymerization model by Equation (2.6).
16
 Note that F1,inst does not depend on the 
individual absolute propagation rate coefficients but only on the monomer reactivity ratios. The 
equation for a penultimate copolymerization model is given in Equation (2.7) and as for 〈k𝑝〉 
additional factors with respect to the terminal model are introduced.
17
 Also here, only the 
monomer reactivity ratios are appearing, which implies that the radical reactivity ratios have no 
overall impact on the copolymer composition. Under the assumption that 𝑟1/2  = 𝑟1/2
′  or thus for 
an implicit PMU model, Equation (2.7) reduces to Equation (2.6). The impact of the penultimate 
parameters is in this case thus only present in 〈k𝑝〉 (Equation (2.2)-(2.3)) and not in F1,inst. 
𝐹1,𝑖𝑛𝑠𝑡 =
𝑟1𝑓1
2 + 𝑓1𝑓2
𝑟1𝑓1
2 + 2𝑓1𝑓2 + 𝑟2𝑓2
2 
(2.6) 
𝐹1,𝑖𝑛𝑠𝑡 =
𝑟1
′ 1 + 𝑟1𝑥
1 + 𝑟1′𝑥
𝑓1
2 + 𝑓1𝑓2
𝑟1′
1 + 𝑟1𝑥
1 + 𝑟1′𝑥
𝑓1
2 + 2𝑓1𝑓2 + 𝑟2′
1 + 𝑟2
1
𝑥
1 + 𝑟2′
1
𝑥
𝑓2 2
; 𝑥 =
𝑓1
𝑓2
 
(2.7) 
Note that under batch conditions compositional drift is obtained as F1,inst will continuously vary 
as f1 alters. Hence, for the experimental determination of (f1, F1,inst) pairs in view of regression 
analysis to Equation (2.6)-(2.7) low monomer conversion data (e.g. up to 5 mol%) can only be 
used so that f1 can be still seen as relatively constant. F1,inst is either determined directly using for 
example infrared, ultraviolet (UV
1
), or NMR spectroscopy
35
 but can also be determined indirectly 
by analyzing the temporal evolution of the comonomer feed composition (f1) using for example 
high-pressure liquid chromatography (HPLC) or GC.
34, 35
 Several approximate methods, such as 
the Fineman-Ross
72
 and Kelen-Tudos
73
 method, which are graphical methods relying on the 
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linearization of Equation (2.6), have been developed to facilitate the fitting procedure for terminal 
models. For such linear models, analytical solutions for the linear regression problem are 
available. However, the most statistically sound method is conventional non-linear regression to 
the original non-linearized equations.
74
 
 
Figure 2.3. Influence of PMU kinetics on the prediction of the instantaneous copolymer composition 
(F1,inst; Equation (2.6)-(2.7)) for kp111 = 10 L mol
-1
 s
-1
 and kp222 = 1 L mol
-1
 s
-1
 with r2 = r2
’
 = s2 = 1 and 
(a) r1 = 1 (red full line; terminal reference case), r1 = 0.1 (blue dashed line), r1 = 10 (green dotted line), 
(b) r1
’
 = 1 (red full line), r1
’
 = 0.1 (blue dashed line), r1
’
 = 10 (green dotted line), and (c) s1 = 1 (red full 
line), s1 = 0.1 (blue dashed line), s1 = 10 (green dotted line). 
Figure 2.3 illustrates that in general a terminal and penultimate description of F1,inst are 
significantly different, considering the same range of reactivity ratios as for Figure 2.2 (basic case 
again red line in subplot (a)). Note that the s values (Figure 2.3(c)) have no effect they are not 
relevant. Importantly, the simulation results in these figures should in practice be interpreted 
along with the corresponding 〈k𝑝〉  descriptions (Equation (2.2)-(2.5)). For example, for the 
styrene and methyl methacrylate comonomer pair, a simultaneous fit of both the average 
propagation rate and (instantaneous) copolymer composition data under FRP conditions cannot 
be achieved using the terminal model, whereas a penultimate model allows an adequate fit.
25
 
Earlier studies most often considered the average copolymerization data only and the associated 
kinetic parameters must thus be treated with care. Currently, a large number of monomer pairs, 
26 Chapter 2 
including next to styrene-methyl methacrylate,
25
 the pairs styrene – butyl methacrylate,75 styrene 
– butyl acrylate,76 methyl methacrylate – vinyl acetate,77 and many others,10 have been critically 
tested against both average propagation rate and copolymer composition data. This testing 
indicates that the terminal model results in failure for most comonomer pairs. Notably this testing 
is typically done at one polymerization temperature and for simplicity temperature dependencies 
are therefore often ignored for reactivity ratios.
78
 
An important consequence of the shape of Equation (2.6) and (2.7) is that f1 is not necessarily the 
same as F1,inst. Three limiting cases – assuming a terminal model - are typically used to discuss 
different types of copolymerization behavior in view of boundaries for the propagation reactivity 
ratios (r1r2 =1; << 1; and >> 1). The copolymerization in which the product r1r2 is unity (case 1) 
is referred to as an ideal copolymerization and by definition the terminal unit has no impact on 
the propagation preference (𝑘𝑝,11/𝑘𝑝,12=𝑘𝑝,21/𝑘𝑝,22). In the special situation that r1 = 1 the 
comonomers show no preference towards one of the active macrospecies and thus F1,inst is always 
equal to f1. This behavior is also referred to as random or Bernoullian.
79
 If r1 is larger/smaller than 
unity (still r1r2=1), monomer 1 is more/less involved in propagation. These different possibilities 
for case 1 are further illustrated in Figure 2.4 (a). The copolymerization behavior in which both r1 
and r2 are smaller than one (case 2) is referred to as alternating copolymerization, as an active 
macrospecies will preferentially add a comonomer of a different type, i.e. cross-propagation is 
favored (ignoring concentration effects). A well-known alternating monomer pair is styrene and 
maleic anhydride.
26
 As shown in Figure 2.4(b) the nature of the alternating behavior changes, 
depending on the value of both reactivity ratios, with a maximal r value of 1 for one of the two. 
For a copolymerization with both reactivity ratios much greater than unity (case 3), there is a 
tendency to form block copolymer segments as an active macrospecies will preferentially react 
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with the comonomer which relates to its terminal unit. Figure 2.4 (c) shows that also here the 
absolute values matter for the intensity of this block copolymer segment formation. 
 
Figure 2.4. Instantaneous copolymer composition of monomer 1 (F1,inst; Equation (2.6)) as a function of 
the comonomer 1 feed fraction (f1; molar) for (a) an ideal (r1r2 = 1; r1 = 1 (red), r1 = 10 (blue), r1 = 0.1 
(green)), and (b) an alternating (r2 = 0.25; r1 = 1 (red), r1 = 0.5 (blue), r1 = 0.05 (green)), and (c) an 
block like copolymerization (r2 = 10; r1 = 1 (red), r1 = 10 (blue), r1 = 20 (green)). 
The feed compositions that do lead to equal F1,inst and f1 are called in analogy with distillation 
azeotropic points. They can be identified as intersections with the bisectors in Figure 2.4. For 
example, for a terminal model, the azeotropic point is given by Equation (2.8) (both reactivity 
ratios different from 1): 
f1 =
1 − r2
2 − 𝑟1 − 𝑟2
 (2.8) 
Analogously as for 〈k𝑝〉, advanced kinetic models allow to calculate the temporal evolution of 
F1,inst and f1. A small compositional drift for the industrial copolymerization process can already 
lead to off-spec material, highlighting the relevance of these time based models.
6, 59
 Only by 
adding comonomer(s), i.e. applying a semi-batch procedure, the monomer feed composition can 
be kept constant (not considering the azeotropic point) and thus also the average copolymer 
composition is constant. 
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Instantaneous segment length 
The instantaneous copolymer composition characterizes the average fraction of comonomer units 
of a given type in the copolymer chains but does not yield information on the average 
connectivity of the comonomer units. This connectivity is for instance an important property for 
block- and gradient copolymers and can be characterized by the average instantaneous segment 
lengths (𝑙1,𝑖𝑛𝑠𝑡̅̅ ̅̅ ̅̅ ̅ and 𝑙2,𝑖𝑛𝑠𝑡̅̅ ̅̅ ̅̅ ̅).
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Analytical expressions for terminal propagation reactivities have been derived and are given in 
Equation (2.9)-(2.10):
17
 
𝑙1,𝑖𝑛𝑠𝑡̅̅ ̅̅ ̅̅ ̅ = 1 + (𝑟1  
𝑓1
𝑓2
)  (2.9) 
l2,𝑖𝑛𝑠𝑡̅̅ ̅̅ ̅̅ ̅ = 1 + (𝑟2
𝑓2
𝑓1
) 
(2.10) 
The underlying assumption is that cross-propagation determines if an existing segment ends and a 
new segment begins. Hence, this model for the instantaneous average segment length depends 
only on the monomer reactivity and the monomer feed compositions. Experimental determination 
of the average segment length is difficult but has been attempted using UV-vis analysis up to 
relatively short segment lengths (< 5).
80
 
For a penultimate model, Equation (2.9)-(2.10) are modified into: 
l1,𝑖𝑛𝑠𝑡̅̅ ̅̅ ̅̅ ̅ = 1 +
𝑟1
′𝑥
1 + 𝑟1′𝑥
(1 −
𝑟1𝑥
1 + 𝑟1𝑥
)⁄  (2.11) 
l2,𝑖𝑛𝑠𝑡̅̅ ̅̅ ̅̅ ̅ = 1 +
𝑟2
′𝑥−1
1 + 𝑟2′𝑥−1
(1 −
𝑟2𝑥
−1
1 + 𝑟2𝑥−1
)⁄  (2.12) 
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Figure 2.5 highlights the effect of PMU effects for the calculation of the instantaneous average 
segment lengths by comparing terminal and penultimate model results again for the reactivity 
ratios considered in Figure 2.2 and Figure 2.3 (basic case of terminal model is the red line). As 
for Figure 2 no effect of an s variation is observed. 
 
Figure 2.5. Influence of PMU on the prediction of the average instantaneous segment length (𝑙1,𝑖𝑛𝑠𝑡̅̅ ̅̅ ̅̅ ̅; 
Equation (2.9)-(2.12)) for kp111 = 10 L mol
-1
 s
-1
 and kp222 = 1 L mol
-1
 s
-1
 with r2 = r2
’
 = s2 = 1 and (a) r1 = 1 
(red full line; terminal reference case), r1 = 0.1 (blue dashed line), r1 = 10 (green dotted line), (b) r1
’
 = 1 
(red full line), r1
’
 = 0.1 (blue dashed line), r1
’
 = 10 (green dotted line), and (c) s1 = 1 (red full line), 
s1 = 0.1 (blue dashed line), s1 = 10 (green dotted line). 
Several advanced modeling studies have also focused on segment formation in copolymers.
43, 49, 
52, 81
 For example, Wang et al. developed a kMC model for nitroxide mediated polymerization 
(NMP) in which the segment formation is tracked throughout the simulation, resulting in data not 
only on average segment length but also on the (instantaneous) segment length distribution.
64, 81, 
82
 Van Steenberge et al. 
59
 developed a matrix-based kMC method allowing explicit tracking of 
the monomer incorporation of all macrospecies in atom transfer radical polymerization (ATRP). 
Post-processing allows the calculation of derived properties such as the instantaneous average 
segment length. 
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Cumulative copolymer composition 
In order to describe the cumulative copolymer composition F1, Skeist et al.
83
 introduced an 
equation which is based on the differential material balance for comonomer 1 (Equation (2.13)) 
and in which [M](0) is the total (initial) monomer concentration. This equation can be rearranged 
into its integral form (Equation (2.14)) with Xm the (overall) monomer conversion, so of both 
comonomers together. For the terminal model, this integral can be calculated analytically after 
substituting the Mayo-Lewis equation (Equation ((2.6))), which yields the so-called Meyer-
Lowry equation (Equation (2.15)). Further rearrangement leads to the form with the cumulative 
copolymer composition 𝐹1 explicitly appearing (Equation (2.16)).
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[𝑀] 𝑓1 − ([𝑀] − d[𝑀])(𝑓1 − d𝑓1) = 𝐹1d[𝑀]  (2.13) 
∫
𝑑[𝑀]
[𝑀]
[𝑀]
[𝑀]0
= ln
[𝑀]
[𝑀]0
= ∫
𝑑𝑓1
(𝐹1 − 𝑓1)
𝑓1
𝑓1,0
 
(2.14) 
𝑋𝑀 = 1 −
[𝑀]
[𝑀]0
= 1 − (
𝑓1
𝑓1
0)
𝛼
(
𝑓2
𝑓2
0)
𝛽
(
𝑓1
0 − 𝛿
𝑓1 − 𝛿
)
𝛾
 with 
𝛼 =
𝑟2
1 − 𝑟2
; 𝛽 =
𝑟1
1 − 𝑟1
; 𝛾 =
1 − 𝑟1
1 − 𝑟2
; 𝛿 =
1 − 𝑟2
2 − 𝑟1 − 𝑟2
 
(2.15) 
1 − 𝑋𝑀 = 1 − (
𝑓1
0 − 𝐹1𝑋𝑀
𝑓1
0(1 − 𝑋𝑀)
)
𝛼
(
1 − 𝑋𝑀 − 𝑓1
0 − 𝐹1𝑋𝑀
(1 − 𝑓1
0)(1 − 𝑋𝑀)
)
𝛽
(
(𝛿 − 𝑓1
0)(1 − 𝑋𝑀)
𝛿 − 𝛿𝑋𝑀 − 𝑓1
0 + 𝐹1𝑋𝑀
)
𝛾
 (2.16) 
The use of the integral form of the copolymer equation along with the equation for 〈k𝑝〉 is 
advised for the experimental determination of reactivity ratios, as it takes into account the change 
in the comonomer feed and does not limit the experiments to low monomer conversions. Care 
should although be taken by not increasing a threshold monomer conversion as at one point 
diffusional limitations can affect the validity of the derivations behind Equation (1.15).
13, 85
 The 
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use of non-linear regression is again recommended, providing a quantification of the error in 
meaningful terms.
86, 87
 
2.3 Extended models for average properties 
An important question that arises is whether the above covered basic (analytical) models for the 
calculation of the average propagation rate and composition, which purely focus on propagation 
reactions, can also be easily extended for more detailed reaction schemes involving side 
reactions. In what follows, the most notable extensions are briefly discussed, with a main focus 
on the average polymerization rate and copolymer composition. 
2.3.1 Reversible deactivation 
With the advent of RDRP techniques during the past decades, it has been wondered whether the 
additional activation-deactivation reactions for macroradicals result in deviations from the 
copolymerization models derived for conventional chain growth/FRP kinetics (Equation (2.2)-
(2.7)). 
For example, for RDRPs based on the so-called persistent radical effect such as NMP and 
ATRP,
88-90
 it has been indicated that 〈k𝑝〉 can be affected, as deactivation reactions lower the 
radical concentrations. The latter was theoretically explored by Charleux et al.
20
 for NMP of 
methyl methacrylate and styrene, considering a terminal activation/deactivation model combined 
with a terminal propagation model (Equation (2.17)-(2.18)) and an implicit penultimate 
propagation model (Equation(2.19)-(2.20)): 
〈𝑘𝑝〉〈𝐾〉 =
𝑟1𝑓1
2 + 2𝑓1𝑓2 + 𝑟2𝑓2
2
𝑟1𝑓1
𝑘𝑝,11𝐾1
+
𝑟2𝑓2
𝑘𝑝,22𝐾2
 (2.17) 
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〈𝐾〉 =
𝑟1𝑓1
𝑘𝑝,11
+
𝑟2𝑓2
𝑘𝑝,22
𝑟1𝑓1
𝑘𝑝,11𝐾1
+
𝑟2𝑓2
𝑘𝑝,22𝐾2
 (2.18) 
〈𝐾〉 =
𝑟1𝑓1
𝑘𝑝,11̅̅ ̅̅ ̅̅
+
𝑟2𝑓2
𝑘𝑝,22̅̅ ̅̅ ̅̅
𝑟1𝑓1
𝑘𝑝,11̅̅ ̅̅ ̅̅ 𝐾1
+
𝑟2𝑓2
𝑘𝑝,22̅̅ ̅̅ ̅̅ 𝐾2
 (2.19) 
〈𝑘𝑝〉〈𝐾〉 =
𝑟1𝑓1
2 + 2𝑓1𝑓2 + 𝑟2𝑓2
2
𝑟1𝑓1
𝑘𝑝,11̅̅ ̅̅ ̅̅ 𝐾𝑒𝑞,1
+
𝑟2𝑓2
𝑘𝑝,22̅̅ ̅̅ ̅̅ 𝐾𝑒𝑞,2
 
(2.20) 
In these equations, 〈𝐾〉 is an average equilibrium coefficient which is not only dependent on the 
individual equilibrium coefficients of both monomers types but also on the cross-propagation rate 
coefficients and the comonomer feed composition (f1). 
For the instantaneous average copolymer composition, early work by Matyjaszewski
91
 and more 
recent work by Zapata-González et al. 
92
 indicated limited deviations from the FRP equations, 
mainly at lower monomer conversions and reaction times in agreement with results of 
Klumperman et al.
93
 These deviations originate from a slower establishment of the balancing of 
the cross-propagation rates. When these are not balanced the PSSA is invalid and thus the 
classical FRP equations (Equation (2.6)-(2.7)) cannot be applied. However, once the PSSA can be 
applied the same ratios for the radical concentrations are obtained and the above formulated 
equations can be still used. 
2.3.2 Depropagation at elevated temperatures 
Depropagation is a well-known phenomenon which becomes important when a (co)monomer is 
(co)polymerized near or above the ceiling temperature.
1
 For most comonomers this ceiling 
temperature is well above the reaction temperature but some comonomers such as α-methyl 
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styrene suffer from depropagation under typical copolymerization conditions. To account for 
depropagation the basic model needs to be extended as it influences the concentrations of the 
macrospecies.
21
 
Several models for the instantaneous copolymer composition based on terminal propagation 
kinetics have been proposed in literature each one differing in their assumptions with respect to 
the ability of the different monomers to undergo depropagation. Most notable are the Kruger,
94
 
Wittmer,
95
 and the three Lowry models.
96
 Based on the latter model, an expression for <kp> has 
been derived by Kukulj et al.
97
 in which terminal propagation kinetics are considered and it is 
assumed that only one monomer is near its ceiling temperature and depropagation occurs only if 
it is attached to a monomer of the same type. 
2.3.3 Multicomponent copolymerization 
In industry, also copolymerizations with more than two comonomers, i.e. so-called 
multicomponent copolymerizations, are conducted. For example, the ternary copolymerization of 
2-acrylamido-2-methylpropane sulfonic acid, acrylamide and acrylic acid has been extensively 
studied.
85, 98, 99
 
The developed models for these multicomponent copolymerizations rely on the knowledge of the 
underlying binary copolymerizations. For example, for a terminal model, the so-called Alfrey-
Goldfinger equation (Equation (2.21)) has been developed for the relative instantaneous 
copolymer composition which can be solved knowing that F1+F2+F3 = 1.
100
 A more general 
analytical model (N monomers) has been formulated by Walling and Briggs.
101
 For the equation 
for the penultimate model, the reader is referred to the work of Ham et al.
102
 
𝐹1: 𝐹2: 𝐹3 = 𝑓1 (
𝑓1
𝑟31𝑟21
+
𝑓2
𝑟21𝑟32
+
𝑓3
𝑟31𝑟23
) × (𝑓1 +
𝑓2
𝑟12
+
𝑓3
𝑟13
) : (2.21) 
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  𝑓2 (
𝑓1
𝑟12𝑟31
+
𝑓2
𝑟12𝑟13
+
𝑓3
𝑟32𝑟13
) × (
𝑓1
𝑟21
+ 𝑓2 +
𝑓3
𝑟23
) : 
  𝑓3 (
𝑓1
𝑟31𝑟21
+
𝑓2
𝑟23𝑟12
+
𝑓3
𝑟13𝑟23
) × (
𝑓1
𝑟31
+
𝑓2
𝑟32
+ 𝑓3) 
2.4 Models based on univariate distributions 
Basic copolymerization models, as covered above, allow a quick assessment of the average 
kinetic and microstructural properties for reaction schemes consisting mainly of propagation 
reactions. However, these averages are a simplified representation of a distributed polymer 
property, e.g. the chemical composition of the polymer chains and can be specifically biased in 
case multimodalities are present. A biased interpretation can also result due to the omittance of 
side reactions and/or diffusional limitations that significantly alter the microstructural 
distributions, such as the CLD and CoC-CLD.
54, 59, 103
 
In view of the previous statements attention has been paid to both analytical and advanced models 
that do include complete microstructural distributions. In the most simple case the focus is 
restricted to one distribution and a so-called univariate model is constructed. The most important 
univariate models are discussed in this section, again differentiating between the polymerization 
rate and copolymer compositional properties. 
2.4.1 Polymerization rate 
The basic univariate distribution is the CLD. Important mathematical techniques to calculate this 
distribution are for instance the fixed pivot technique,
13, 55, 104
 the extended method of 
moments,
105, 106
 the probability generation function method,
107
 advanced PSSA-based methods 
which allow to resolve CLDs,
56, 108
 the Galerkin method,
109, 110
 and the kMC technique.
49, 59
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Since polymerization reactions can be characterized by chain length dependency the shape and 
range of the CLD can affect the (co)polymerization kinetics and in particular the polymerization 
rate.
69, 111-113
 In line with the discussion on the relevance of more advanced models for the 
calculation of average properties focus is again on the (apparent) termination reactivity in radical 
polymerization. Depending on the monomer type less mobile/longer chains can be created that 
affect the intensity of the gel-effect and thus the impact of diffusional limitations on termination 
in view of the calculation of the polymerization rate. Different time evolutions of the 
polymerization rate can thus be obtained for similar reactivity ratios in case the chain length 
dependencies for the diffusivity of the active macrospecies are different, i.e. average apparent 
termination rate coefficients that affect the radical concentrations need to explicitly account for 
the CLD shape.
112
 
2.4.2 Compositional and microstructural properties 
Using the basic models, the (instantaneous) average segment length can be calculated analytically 
(Equation (2.9)-(2.12)). However, segments are distributed with respect to their length, leading to 
a so-called (instantaneous) segment length distribution (SLD), e.g. (li,inst)k for discrete lengths 
starting at unity and focusing on comonomer i. Quantifying this (number) distribution is 
important as it determines the properties of the final polymer product. For example, if a “hard” 
and “soft” monomer type are employed (e.g. styrene and butadiene), the final mechanical 
properties depend strongly on the micro-arrangement of the separate segments.
114-116
 
The SLD can be obtained by noting that cross-propagations lead to the formation of segments. A 
segment of length k consisting of units of for instance comonomer 1, (l1,inst)k, is formed by k-1 
homopropagations of an active species, followed by a single cross-propagation. Introducing the 
terminal probabilities for homopropagation and cross-propagation (p11 and p12):
1
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p11 =
𝑘𝑝11𝑀1
𝑘𝑝11𝑀1 + 𝑘𝑝12𝑀2
=
𝑟1𝑓1
𝑟1𝑓1 + 𝑓2
; 𝑝12 = 1 − 𝑝11 (2.22) 
(l1,inst)k can be expressed as: 
(𝑙1,𝑖𝑛𝑠𝑡)𝑘 = 𝑝11
𝑘−1𝑝12 (2.23) 
Note that, due to the power law shape of Equation (2.23) with probabilities lower than 1, the most 
likely segment always has a length of 1, irrespective of the monomer reactivity ratio and feed 
composition. It has been verified that the average of the distribution in Equation (2.23) is 1/p12, 
which is the result reported with the basic model (Equation (2.9)).
43
 Hence, if the probability for 
cross-propagation is 0.2, then the average segment length is 5. The results for comonomer 2 are 
obtained by altering the subscripts 1 and 2. 
Furthermore, following the concept behind Equation (1.22) penultimate probabilities can be 
combined, leading to following equations:
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p111 =
𝑟1𝑓1
𝑟1𝑓1 + 𝑓2
; 𝑝112 = 1 − 𝑝111; p211 =
𝑟1
′𝑓1
𝑟1′𝑓1 + 𝑓2
; 𝑝212 = 1 − 𝑝211 (2.24) 
(𝑙1,𝑖𝑛𝑠𝑡)1 = 1 − p211 
(𝑙1,𝑖𝑛𝑠𝑡)𝑘 = 𝑝211
(𝑝111)
𝑘−2(1 − 𝑝111) 𝑓𝑜𝑟 𝑘 > 1 
(2.25) 
The SLD results (comonomer 1) for three special cases - at an equimolar monomer feed 
composition - are given in Figure 2.6 (terminal reactivity model). Case 1 is an ideal 
copolymerization in which r1 = r2 = 1 (blue bars), meaning that all propagation steps have the 
same probability, accounting for the selected feed composition. A SLD is obtained in which 
sequences of length 1 have a number fraction of 0.5 but also longer segments are still present. For 
the case with r1 = 5 and r2 = 0.2 both radical types preferentially add comonomer 1 instead of 2 
with a factor of 5. From Figure 2.6 (yellow bars) it can be seen that such conditions lead to a shift 
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towards higher segment lengths of comonomer 1 and a much broader distribution. Finally, a third 
case with r1 = 0.1 and r2 = 0.1, i.e. an alternating polymerization, is shown (purple bars). As 
expected a number fraction of 0.9 has a length of 1. 
 
Figure 2.6. Effect of monomer reactivity ratios on the instantaneous segment length distribution for 
comonomer 1, according to Equation (2.23) (terminal reactivity model). Focus restricted to equimolar 
feed composition. 
Experimental measurement of the SLD has been performed for a number of copolymer pairs (e.g. 
acrylonitrile and vinylidene chloride) mainly using high-resolution NMR (mostly 
13
C NMR).
118
 
Based on these experiments, reactivity ratios have been determined due to the simplicity of e.g. 
Equation (2.22)-(2.25).
119
 SLDs have also been accessed using Galerkin
52
 and kMC modeling
65, 81
 
and this for more complex reaction schemes than covered with the analytical models capturing 
also effects related to for instance chain transfer, recombination, and (de)activation. In particular, 
Wang et al.
81
 investigated the influence of RDRP conditions, in case of styrene/MMA gradient 
copolymers, on the segment formation compared with classical FRP. These authors conclude that 
segment formation is influenced by the temporary deactivation by RDRP mediating species (e.g. 
nitroxides) as they consider this to stop the instantaneous segment growth. However, it can be 
argued that deactivation only temporarily pauses the segment formation rather than stopping it. 
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Shi et al.
120
 did not consider the temporary deactivation to halt the segment length formation. 
These authors concluded that under quasi-steady state conditions and, hence, at sufficiently long 
polymerization times, RDRP leads to identical instantaneous SLDs as FRP. 
It should be further noted that the SLD focuses on segments considering the monomer type fixed, 
i.e. either comonomer 1 or 2 is focused on and the contributions of each segment length are 
specified. Often the reverse situation is of interest in which the sequence length is fixed at a low 
value (e.g. 2 or 3) and the univariate model allows to predict the distribution of the various 
monomer sequences of that number of monomer units. Mostly the length is fixed at 3, leading to 
so- called triads. Four triads can be defined for monomer type 1 as central monomer, i.e. 111, 
212, 112, and 211, and their fractions (Fi,j,k,(inst)) define a (univariate) instantaneous distribution. 
These distributions are called monomer sequence type distributions (MSTDs). 
For the instantaneous distribution, Equation (2.26) and (2.27) give the analytical expression for 
the terminal and penultimate model,
121
 with Figure 2.7 highlighting some differences for again 
the reactivity ratios considered before (red line in left column each time basic terminal case). 
Again, also the s values do not matter (right column in Figure 2.7). Experimentally, the MSTD 
for a sequence length 3 is mostly derived from the spectral intensities of either 
1
H or 
13
C NMR 
spectroscopy measurements.
79
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Figure 2.7. Influence of PMU on the prediction of the instantaneous triad formation (Equations (2.26)-
(2.27)) ((a-c) = 111, (d-f) = 212, (g-i) = 112/211) with r2 = r2
’
 = s2 = 1 and (a-d-g; terminal reference 
case) r1 = 1 (red full line), r1 = 0.1 (blue dashed line), r1 = 10 (green dotted line), (b-e-h) r1
’
 = 1 (red full 
line), r1
’
 = 0.1 (blue dashed line), r1
’
 = 10 (green dotted line), and (c-f-i) s1 = 1 (red full line), s1 = 0.1 
(blue dashed line), s1 = 10 (green dotted line). 
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𝐹111,𝑖𝑛𝑠𝑡 =
𝑟1
2 (
𝑓1
𝑓2
)
2
1 + 2𝑟1
𝑓1
𝑓2
+ 𝑟12 (
𝑓1
𝑓2
)
2 ; 𝐹212,𝑖𝑛𝑠𝑡 =
1
1 + 2𝑟1
𝑓1
𝑓2
+ 𝑟12 (
𝑓1
𝑓2
)
2 ; 
𝐹112/211,𝑖𝑛𝑠𝑡 =
𝑟1
𝑓1
𝑓2
1 + 2𝑟1
𝑓1
𝑓2
+ 𝑟12 (
𝑓1
𝑓2
)
2 
(2.26) 
𝐹111,𝑖𝑛𝑠𝑡 =
𝑟1𝑟1
′ (
𝑓1
𝑓2
)
2
1 + 2𝑟1′
𝑓1
𝑓2
+ 𝑟1𝑟1′ (
𝑓1
𝑓2
)
2  ;  𝐹212,𝑖𝑛𝑠𝑡 =
1
1 + 2𝑟1′
𝑓1
𝑓2
+ 𝑟1𝑟1′ (
𝑓1
𝑓2
)
2 ; 
𝐹112/211,𝑖𝑛𝑠𝑡 =
𝑟1
′ 𝑓1
𝑓2
1 + 2𝑟1′
𝑓1
𝑓2
+ 𝑟1𝑟1′ (
𝑓1
𝑓2
)
2 
(2.27) 
2.5 Models based on multivariate distributions 
As the degree of microstructural detail and complexity increases from univariate to multivariate, 
it is not surprising that less experimental and modeling copolymerization kinetics studies have 
been reported that focused on several variates. Most experimental reports relate to the 
measurement of (relative) bivariate distributions with respect to chain length and copolymer 
composition, i.e. Co-CLDs.
122-125
 Certain analytical efforts are notable of which the most 
paramount one is the derivation of the so-called Stockmayer equation.
126
 
Other analytical derivations for bivariate and for sure multivariate distributions are scarce and 
non-trivial and therefore advanced modeling needs to be performed by default in order to obtain 
information on these multivariate distributions. Both stochastic and deterministic methods have 
been used to calculate, for example, functional group - chain length,
127
 segment length - chain 
length, and
128
 long-chain branching - chain length distributions.
53
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2.5.1 Polymerization rate 
For an accurate representation of the polymerization rate, a univariate calculation suffices 
provided that CLDs are calculated for every macrospecies type, correctly selecting either a 
terminal or penultimate reactivity model. The superposition of the individual CLDs becomes then 
the observed or measurable CLD. Hence, if the goal is only the calculation of the polymerization 
rate it is not worthwhile to increase the model complexity. Multivariate models are therefore only 
relevant in case compositional distributions are also of interest. 
2.5.2 Compositional and microstructural properties 
The best known bivariate distribution is the Stockmayer equation that describes the instantaneous 
mass CoC-CLD for a basic chain polymerization (see Figure 2.1) in which growth is stopped by 
disproportionation or elimination (in coordination polymerization of olefins), and terminal 
reactivities and identical molar masses of the comonomers are assumed:
126
 
𝑓𝑚,𝑖𝑛𝑠𝑡(𝑛, 𝛾) = (
𝑛
𝑥𝑛2
exp (−
𝑛
𝑥𝑛
))
1
𝜎√2𝜋
exp (−
𝛾2
2𝜎2
) 
(2.28) 
in which fm,inst (n,y) is the instantaneous mass fraction of chains with length n and relative 
composition𝛾 with respect to the mean composition (?̅?1,𝑖𝑛𝑠𝑡). This composition is defined as 
𝐹1,𝑖𝑛𝑠𝑡 − ?̅?1,𝑖𝑛𝑠𝑡 with ?̅?1,𝑖𝑛𝑠𝑡 the average instantaneous copolymer composition, as provided by the 
Mayo-Lewis equation (Equation (2.6)). 𝐹1,𝑖𝑛𝑠𝑡 is a stochastic variable equal to the ratio of the 
number of comonomer type 1 units in a polymer chain and the chain length of the same polymer 
chain. In addition, 𝑥𝑛 is the number-average chain length. It is important to stress that the 
parameters in Stockmayer’s distribution can be determined from observable quantities. The 
parameter 𝜎2 is defined as: 
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𝜎2 =
𝐹1,𝑖𝑛𝑠𝑡(1 − 𝐹1,𝑖𝑛𝑠𝑡)𝜅
𝑥𝑛
 
(2.29) 
in which κ is a parameter indicative of the compositional broadness depending on the product 
𝑟1𝑟2 and 𝐹1,𝑖𝑛𝑠𝑡: 
𝜅 = √1 − 4𝐹1,𝑖𝑛𝑠𝑡(1 − 𝐹1,𝑖𝑛𝑠𝑡)(1 − 𝑟1𝑟2) (2.30) 
If r1r2 = 1, then κ is equal to 1 and the compositional broadness depends only on F1,inst. Equation 
(1.35) also indicates that the compositional broadness will be largest for 𝐹1,𝑖𝑛𝑠𝑡 = 0.5. Upon 
rewriting Equation (2.30) the instantaneous segment lengths (Equation (2.9)-(2.10)) can be 
introduced: 
𝜅 = ?̅?1,𝑖𝑛𝑠𝑡(𝑙2,𝑖𝑛𝑠𝑡̅̅ ̅̅ ̅̅ ̅ − 1) + (1 − ?̅?1,𝑖𝑛𝑠𝑡)(𝑙1,𝑖𝑛𝑠𝑡̅̅ ̅̅ ̅̅ ̅ − 1) (2.31) 
Hence, κ is a type of average sequence length, which indicates that a high average instantaneous 
copolymer composition of one comonomer type combined with a low average segment length of 
the other comonomer type results in a large compositional broadness.. This is confirmed in shown 
in Figure 2.8 (a-c) in which r1r2 is varied, assuming for simplicity F1,inst = 0.5. It can be seen that 
larger values lead to broader distributions. In Figure 2.8 (d-f) xn is varied. Larger xn lead to a 
smaller compositional broadness. 
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Figure 2.8. Influence of r1r2 (top row) and xn (bottom row) in copolymer composition – chain length 
distribution (CoC-CLD) as predicted by the Stockmayer equation (Equation (2.28)) with F1,inst = 0.5 for 
(a) r1r2 = 0.1, (b) r1r2 = 1, and (c) r1r2 = 10 for xn = 250; and (d) xn = 100, (e) xn = 250, (f) xn = 500 for 
r1r2 = 1. 
After integration of Equation (1.33) over the full 𝛾 domain, Flory’s most probable distribution is 
obtained as the mass CLD:
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𝑓𝑚(𝑛) =
𝑛
𝑥𝑛2
exp (−
𝑛
𝑥𝑛
) (2.32) 
Analogously, integration over the n domain results in the corresponding mass copolymer 
composition distribution (CoCD): 
𝑓𝑚(𝛾) =
3
4√2
𝜎2
𝑥𝑛
(1 +
𝛾2
2
𝜎2
𝑥𝑛
)
2.5 
(2.33) 
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Several extensions to the Stockmayer equation have been also derived, although focusing on 
terminal reactivities to not overload the mathematical treatment. For example, Tacx et al.
130
 
focused on the derivation with comonomers of unequal molar mass. Another extension is the 
adjustment for terpolymerizations, i.e. polymerizations including three comonomer types, and 
multicomponent copolymers as analytically derived by Anantawaraskul et al and confirmed using 
kMC simulations.
131
 This Stockmayer equation has been further extended to a trivariate 
distribution by Soares et al. 
132
 for polymer products obtained via chain growth/coordination 
polymerization, in which long chain branches affect the product quality. An updated equation 
also exist with purely termination by recombination.
126
 An additional extension is the more 
general case of competitive termination modes.. Therefore, the Stockmayer equation associated 
with Flory’s most probable distribution has been formally extended by Stesjkal et al.133 in order 
to incorporate the more general empirical Schulz-Zimm distribution. This distribution takes into 
account the broadness, i.e. dispersity (ratio of mass to number average chain length, xm to xn), of 
the polymerization: 
𝑓𝑚,𝑖𝑛𝑠𝑡(𝑛, 𝛾) = (
𝑏 𝑎+1
Γ(𝑎 + 1)
𝑛𝑎exp(−𝑏 𝑛)) (
1
𝜎√2𝜋
exp (−
𝛾2
2𝜎2
)) 
𝑎 = (
𝑥𝑚
𝑥𝑛
− 1)
−1
; 𝑏 =
𝑎
𝑥𝑛
=
𝑎 + 1
𝑥𝑚
 
(2.34) 
Experimental verification of the CoC-CLD is not straightforward and only a limited number of 
experimental studies have been reported.
122-125
 Using matrix-assisted laser desorption/ionization 
time-of-flight (MALDI-TOF) spectroscopy Haddleton et al.
134
 managed to experimentally 
construct the CoC-CLD of MMA and n-butyl acrylate radical copolymerization via 
deconvolution of the m/z spectra. Similar experiments have been performed by van Herk et al.
36
 
Also temperature rising elution fractionation (TREF) combined with size exclusion 
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chromatography (SEC) and Fourier-transform infrared (FT-IR) spectroscopy combined with SEC 
have been used by Soares et al.
135
 for experimental verification of the compositional 
characteristics of LLDPE obtained via coordination polymerization using a multiple of catalysts. 
By superimposing multiple Stockmayer distributions the contribution of each catalyst can be 
accounted for. Also, the univariate distributions obtained by integration over the full range of one 
of two variates have been experimentally investigated. Logically SEC chromatography is used for 
the CLD and techniques used for verification of the CoCD are for instance crystallization analysis 
fractionation (CRYSTAF) and crystallization elution fractionation (CEF).
136
 
Using deterministic modeling techniques, such as the two-dimensional fixed-pivot technique
55
 
and stochastic modelling techniques (typically kMC techniques),
55, 59, 65, 137
 bivariate distributions 
such as the CoC-CLD have been calculated, accurately accounting for more detailed reaction 
schemes and diffusional limitations.
55, 59, 65, 115
 For example, Van Steenberge et al. highlighted 
that in FRP of MMA and styrene (terminal reactivity model) the shape and position of the CoCD 
is strongly dependent on the interplay of the gel-, cage and glass effect. Composite binary trees 
were also considered to allow for a fast simulation time.
59
 For trivariate distributions, Kryven and 
Iedema
52
 performed deterministic simulations in which the CoC-CLD and SLD have been 
tracked for FRP of styrene and acrylonitrile. A downside of these multivariate models remains 
although their computational cost explaining the development of the so-called explicit models. 
2.6 Explicit models 
In explicit models, the chain growth of individual copolymer macrospecies is tracked as a 
function of reaction time.
13, 14, 42, 44, 55, 61, 66, 103, 138
 The macroscopic behavior of the copolymer can 
thus be related to the molecular structure of individual macrospecies at the micro-scale, with 
average properties always accessible a posteriori.
43, 139-141
 Both basic and detailed reaction 
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schemes have been considered combined with mostly terminal but also recently penultimate 
reactivity models.
60, 139
 Also intrinsic and apparent kinetics have been simulated. As for the 
bivariate and multivariate models, the explicit models are only of added value in case 
compositional characteristics are aimed at besides the calculation of the polymerization rate. 
Typically vector or matrix-based stochastic simulations are performed in which the monomer 
incorporations are executed and stored. The monomer sequences are thus available from one 
chain end to the other. This leads to computationally more demanding computer codes but with 
an unprecedented amount of microstructural detail. The concept of a matrix representation has 
been originally introduced by Szymanski et al.
63
 for the estimation of reactivity ratios for a very 
basic living polymerization aiming at a low final chain lengths, using bivariate distributions 
obtained out of the explicit matrix data. In parallel, Meimaroglou et al. 
138
 developed a vector 
based stochastic algorithm allowing reconstruction of the microstructure of individual highly 
branched homopolymer LDPE chains, based on the stored segment information. This information 
per segment was extended by Wang and Broadbelt
81
 for NMP copolymerization aiming at 
gradient copolymer synthesis. Matrices were used to store the information on segments between 
active and dormant macrospecies. In the work of Van Steenberge et al. 
59
 a single matrix was 
employed for the growth of reactive chains in ATRP and the focus was shifted to the actual 
storage of the comonomer itself instead of a segment. Diffusional limitations were also 
fundamentally accounted for. The reaction event history and in particular the propagation reaction 
event history could be thus visualized for individual copolymerization chains at the level of the 
single comonomer unit. Typical results for RDRP copolymers are provided in Figure 2.9. A 
successful benchmark of the average properties with those obtained using the more conventional 
bivariate kMC technique has also obtained. 
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Similar algorithms were developed by Lemos et al.
60
 later on whilst also incorporating 
continuous reactor configuration including residence time distributions. Currently, the single 
matrix-based kMC strategy has been applied to study to copolymer kinetics of a wide range of 
RDRP techniques.
60, 65, 139, 141-143
 Its potential has also been illustrated for copolymer formation 
involving short chain branches
42
 or grafting
67
 through post-polymerization modification. 
Next to the derivation of the (multi)variate distributions so-called structural deviations parameters 
have also been introduced, allowing the unbiased ranking of copolymers. Most notably are the 
gradient deviation index (<GD>)
65
 and block deviation index (<BD>).
143
 For values close to zero, 
a perfect gradient and block copolymer are respectively obtained. The worst-case scenario of a 
homopolymer is rescaled to a value of 1. Threshold values have been introduced to separate 
excellent from good and bad gradient and block copolymers. In addition, any information on 
compositional or kinetic information can be retrieved for each macrospecies. In particular for 
RDRP, the distribution reflecting the amount and type of comonomer units per activation-growth 
–deactivation cycle in a given monomer conversion interval can be obtained.139, 141 
 
Figure 2.9. Typical result from explicit matrix-based model to describe compositional properties;
59
 color: 
different monomer unit; (a) gradient copolymer (b) sequence controlled polymer. 
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2.7 Conclusions 
A detailed overview has been provided on the current state-of-the-art on copolymerization 
models to calculate the average polymerization rate and compositional properties. Both terminal 
and penultimate reactivity models have been included. Despite their simplicity, analytical models 
allow a basic understanding of the copolymer microstructure evolution and can be used to obtain 
reactivity ratios. They are however less suited in case time dependencies need to be accurately 
accounted for and can lead to biased interpretations for more complex polymerization reaction 
schemes. 
To resolve this disadvantage of analytical models advanced models are suited. Depending in the 
desired outcome, the model complexity can be increased. Interesting are multivariate descriptions 
in which the stochastic nature for chain length increase is fully acknowledged and the chemical 
composition variation is still treated on an average basis per chain length considered. To resolve 
the latter issue within a reasonable computational cost explicit-models have been developed, 
allowing to track each compositional change for individual macrospecies. The advent of the latter 
models allows to unambiguously rank copolymers and to understand both inter- and 
intramolecular compositional deviations in chain-growth polymerization. 
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Chapter 3. MAMA-SG1 initiated nitroxide mediated polymerization of styrene: 
from Arrhenius parameters to model-based design 
Summary 
Activation and deactivation Arrhenius parameters are estimated for nitroxide mediated 
polymerization (NMP) of styrene initiated by BlocBuilder MA, based on an extensive set of 
experimental data covering a broad range of polymerization temperatures (90-120°C) and initial 
molar ratios of monomer to NMP initiator (100-1000). Data regression analysis is limited to 
conversions below 0.65 to avoid the possible influence of diffusional limitations on the 
activation/deactivation process. The applied kinetic model accounts for thermal initiation, chain 
transfer reactions and diffusional limitations on termination. A distinction is made between 
(de)activation of NMP initiator and macrospecies. The activation energy for the activation of the 
NMP initiator is 43 ± 3.5 kJ mol
-1
 lower than the one for the dormant macrospecies. At 120°C, 
the activation rate coefficients amount respectively to 1.18 × 10
-1 
s
-1 
and 7.08 × 10
-3
 s
-1
, indicative 
of a fast NMP initiation. Using the obtained parameter estimates, a visualization of ca. 750 
polymer chains is performed via advanced kinetic Monte Carlo simulations, explicitly specifying, 
for the first time, according to the living nature, and chain initiation and dead polymer 
mechanism. At 120°C, chain transfer to dimer lowers the level of control over chain length and 
end-group functionality. Model-based optimization reveals the beneficial effect of the use of a 
stepwise temperature program, as confirmed experimentally via a lowering of the dispersity from 
a conversion of 0.3 on due to a suppression of thermal initiation and chain transfer to dimer. This 
work was published in Chemical Engineering Journal 2015, 48, 492-501. 
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3.1 Introduction 
In radical polymerizations, one of the most important industrially applied chemical processes, a 
crucial process condition is the temperature. For conventional free radical polymerization (FRP), 
the effect of temperature has been studied extensively.
1, 2
 Reliable Arrhenius and thermodynamic 
parameters have been determined for the main FRP polymerizations, allowing a safe and efficient 
process control and the production of a wide variety of different product grades, including a 
variation in average chain length and overall comonomer incorporation. 
Unfortunately, these FRP processes do not allow a facile incorporation of end-group functionality 
(EGF) or the production of polymers with a narrow chain length distribution (CLD; dispersity 
below 1.3), prohibiting the development of next-generation polymeric materials.
3-8
 In particular, 
well-defined block, gradient and star copolymers (Figure 3.1 (a)) cannot be easily obtained 
according to the FRP mechanism. Hence, in the last decades significant attention has been 
focused on the development of so-called reversible deactivation radical polymerization (RDRP) 
(also called controlled radical polymerization (CRP)) techniques. These newly developed 
techniques allow, under well-selected conditions, the synthesis of well-tailored polymer 
molecules with almost uniform chain length and perfect EGF, opening the pathway to 
macromolecular engineering.
9
 Alternatively, functional materials with complex architectures can 
be obtained via photopolymerization techniques.
10-14
 
For styrene and (meth)acrylates as comonomers, one of the most important RDRP techniques is 
nitroxide mediated polymerization (NMP), the principle of which is given in Figure 3.1 (c).
15-20
 
For a sufficiently high polymerization temperature, a unimolecular alkoxyamine NMP initiator 
(R0X) is cleaved into a NMP initiator radical (R0) and a nitroxide (X), a persistent species. The R0 
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species can either be deactivated reforming the original NMP initiator or it can undergo a couple 
of propagation steps, before it is deactivated into a dormant species (RiX; i: chain length) or it can 
be involved in a termination reaction leading to the formation of a dead macrospecies (P). 
Alternatively, the NMP can be initiated via a bicomponent initiating system, i.e. with a 
conventional radical initiator, such as 2,2-azobisisobutyronitrile (AIBN) or benzoyl peroxide 
(BPO), and a stable free nitroxide. However, such reverse NMPs require an intensive tuning of 
the initial nitroxide to conventional radical initiator ratio.
18
 
 
Figure 3.1. (a) Macromolecular architectures that are difficult to access via free radical polymerization 
(FRP) but accessible via reversible deactivation radical polymerization (RDRP). (b) Chemical structure of 
MAMA-SG1/BlocBuilder MA. (c) Principle of nitroxide mediated polymerization (NMP), a main RDRP 
technique: ka,da,p,t: rate coefficient for activation, deactivation, propagation and termination, subscript 0 
related to NMP initiation; R0X: NMP initiator; R0: NMP initiator radical; X: nitroxide; i/j: chain length: 
RiX: dormant macrospecies; P: dead species; termination by recombination is only shown. 
Importantly, in NMP, per termination reaction an excess of persistent nitroxide or deactivator 
species (X) is obtained, favoring deactivation over termination at sufficiently long polymerization 
times. Thanks to this so-called persistent radical effect,
21-24
 the loss of end-group functionality X 
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can be limited, albeit at the expense of a lowering of the polymerization rate. Ideally, for a fast 
NMP initiation, at the end of the NMP all dormant polymer molecules possess a chain length 
equal to the initial molar ratio of monomer (M) to R0X, which is also known as the targeted chain 
length (TCL). 
To overcome the hurdle of a slow NMP, several optimization pathways, next to the development 
of novel nitroxides/alkoxyamines, have been explored by several research groups.
25-31
 The use of 
long half-time conventional radical initiators,
26
 small amounts of more sterically hindered 
alkoxyamines,
27
 and the continuous addition of conventional radical initiator 
28
 have been put 
forward as possibilities to improve the NMP rate. A breakthrough for rate enhancement was 
achieved by the consumption of nitroxide radicals via deliberately added organic acids, such as 
camphorsulfonic acid 
31
. Unfortunately, this addition method is accompanied by an increase of 
the dispersity. On the other hand, Malmström et al. 
29
 indicated that for certain nitroxides this 
penalty on the control over chain length can be avoided by using acetic anhydride (Ac2O). 
However, as shown by Lansalot et al.,
30
 Ac2O does not result into a rate acceleration in SG1 
based NMPs. 
It should be stressed that in Figure 3.1 (c) only the main NMP reactions are represented and that 
side reactions can take place complicating the kinetic description and interpretation of the NMP 
process.
32
 For example, in the NMP of acrylates both secondary and tertiary macrospecies can be 
formed due to intramolecular chain transfer reactions.
33, 34
 Furthermore, for the NMP of styrene, 
it has been indicated that at polymerization temperatures above 100°C, thermal initiation cannot 
be neglected.
35-37
 In particular, Bentein et al. 
38
 highlighted, via deterministic simulations, at 
123°C the relevance of chain transfer to the dimer formed during this thermal initiation, when the 
NMP is mediated by N-(2-methyl-2-propyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-N-oxyl 
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(SG1/DEPN) or 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO). These authors attributed the 
loss of control at higher TCLs mainly to this side reaction. In addition, several research groups 
have focused on the relevance of disproportionation reactions involving nitroxide moieties, which 
lead to the formation of hydroxylamines. For instance, based on experiments in the absence of 
monomer, Ananchenko et al. 
39, 40
 showed that the chemical nature and bulkiness of the nitroxide 
plays an important role for the intrinsic disproportionation reactivity. This was confirmed by 
Edeleva et al. 
41, 42
 via detailed 
1
H-NMR analysis. In particular, these authors reported that in 
styrene NMP hydroxylamine formation can be neglected with SG1 as nitroxide.
43
 
In general, optimization of the NMP process requires a detailed understanding of different 
reactions and their effect on the polymerization rate and control over chain length and EGF. In 
particular, as in FRP processes, the influence of the polymerization temperature on the NMP 
characteristics should be very clear. Many of the activation/deactivation parameters have 
however been determined under non-polymerization conditions, i.e. in solvent or at low 
temperature. In addition, most kinetic modeling studies have been focused on only one 
polymerization temperature and a limited range of TCLs,
38, 44, 45
 imposing a barrier on the 
selection of the most optimal input parameters for subsequent model-based optimization. 
Interestingly, Chauvin et al. 
46
 indicated that, for NMP processes, a temperature program allows 
to improve the livingness and control over chain length. An efficient evaluation of this operation 
strategy implies, however, accurate NMP activation/deactivation Arrhenius parameters. 
Currently, a relatively wide range of activation Arrhenius parameters have been reported, which 
are typically the result of a combination of different kinetic measurements. For example, Bertin et 
al. 
47
 reported an activation energy of 112 kJ mol
-1
 for NMP activation of MAMA-SG1, an 
important relatively new NMP initiator (Figure 3.1 (b); a.k.a. MAMA-SG1), based on a typical 
68 Chapter 3 
but average pre-exponential factor of 2.4 × 10
14
 s
-1
. Alternatively, Goto et al. 
48
 used the GPC 
peak resolution method to determine Arrhenius parameters. For activation of SG1 capped 
polystyrene species, these authors reported an activation energy of 130 kJ mol
-1
 and a value of 
1.1× 10
-2
 s
-1
 for ka at 120 °C. Using the same method, Chevalier et al. 
49
 determined however a 
lower activation energy of 121 kJ mol
-1 
and a lower value of 3.4 × 10
-3
 s
-1
 at 120°C, illustrative of 
the scatter in literature on activation kinetic parameters. Similarly uncertainty exists concerning 
the deactivation kinetic parameters. For NMP deactivation of polystryryl radicals with SG1, 
Guillaneuf et al. 
50
 used the PLP-SEC method to determine kda and reported a value of 5.3 × 10
5
 
L mol
-1
 s
-1
 at 120 °C. However, using laser flash photolysis, Fischer et al. 
51
 determined in the 
related phenylethyl-SG1 system a value of 4.6 × 10
6
 L mol
-1
 s
-1
. These authors also showed that 
the deactivation reaction shows a weak temperature dependency. 
In this work, based on a broad set of experimental data and accounting for possible diffusional 
limitations on termination, regression analysis is first applied to estimate Arrhenius parameters 
for the NMP specific reaction steps under polymerization conditions. The regression analysis is 
performed for the NMP of styrene initiated by BlocBuilder MA, taking into account the 
effectiveness, versatility and commercial availability of this alkoxyamine.
52-54
 Since regression 
analysis is performed, a reliable simultaneous identification of the involved pre-exponential 
factors and activation energies is possible, resolving the aforementioned pending issue in the 
polymer research community on accurate Arrhenius parameters for activation/deactivation. 
Subsequently, the estimated parameter values are used to visualize, via detailed kinetic Monte 
Carlo (kMC) simulations,
55-57
 the different macrospecies in the reaction mixture, while 
differentiating, for the first time, between their chain length, and dormant/dead chain formation. 
The kMC method is, in contrast to a deterministic solver, a stochastic method in which a 
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representative number of molecules is tracked throughout the polymerization process and reaction 
events are selected according to the reaction probabilities. In case all propagation reaction events 
are stored the chain length distribution and monomer sequences can be shown explicitly. In 
particular, a distinction is made between dormant chains which were started from initiator 
radicals formed upon chain transfer reactions or thermal initiation and between dead polymer 
chains formed via chain transfer or termination. Such differentiation not only allows a mapping of 
the different end-groups but also a detailed understanding of the relative importance of side 
reactions on the control over the NMP process. 
Finally, the parameters are also used to illustrate the potential of stepwise temperature program to 
increase the control over the polymer properties for a fixed polymerization time and conversion. 
It is shown that such programs allow a suppression of chain transfer reactions and an increase of 
the livingness of the NMP product, as confirmed by the kMC simulations and experimental data. 
3.2 Materials and methods 
3.2.1 Materials 
Styrene (Sty, monomer (M), ≥99%), Sigma-Aldrich) was passed through a column filled with 
basic aluminum oxide (Sigma-Aldrich) to remove the stabilizer (4-tert-butylcatechol). 
BlocBuilder MA ((MAMA-SG1 or NMP initiator (R0,1X), ≥99%) was kindly provided by Arkema 
and used as received. Decane (≥99%), tetrahydrofuran (THF, ≥99%), and dichloromethane 
(DCM, ≥99%) were purchased from Sigma-Aldrich and used as received during analysis. 
3.2.2 BlocBuilder MA initiated batch isothermal NMP of styrene 
The batch isothermal polymerizations of styrene were performed in the presence of 6.25% (v/v, 
with respect to the monomer) decane, which is used as internal standard for gas chromatography 
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(GC) analysis. In-situ temperature control was performed via a proportional-integral-derivative 
(PID) controller, using refrigerated water as the cooling medium. The experiments were 
conducted for a sufficiently broad range of temperatures and TCLs (Table 3.1), allowing a 
reliable estimation of the activation/deactivation kinetic parameters. An overview of all 
experimental isothermal conditions used for the multi-response regression analysis can be found 
in Appendix (Entry 1-17: Table A.1). 
Table 3.1. Ranges of experimental conditions considered in regression analysis. An overview of all 
conditions is given in Table A.1 (Appendix) 
Temperature (°C) TCL (-) Time (h) Conversion (-) 
90-120 100-1000 0-55 0-0.65 
A typical isothermal NMP experiment (entry 9 in Table A.1 in Appendix) was performed as 
follows. First 30 mL styrene, together with 2 mL decane were added to a 100-mL three-neck 
glass flask containing a magnetic stirrer bar. The desired amount of BlocBuilder MA (0.9979 g) 
was dosed and added to the mixture. A stopcock was attached to the one neck of the flask and a 
cold finger was attached to the second neck. The last neck was capped with a rubber septum. In a 
next step, the solution was degassed by performing three freeze-pump-thaw cycles. A 
thermocouple was inserted into the reaction flask through the rubber septum to allow for in situ 
temperature control. The reaction flask was immersed into the oil bath, which was already 
brought to the desired polymerization temperature. The reaction mixture was constantly stirred 
(350 rpm). Samples (0.75 mL) were withdrawn from the reaction flask through the septum at 
distinct reaction times, using 1 mL degassed syringes with stainless-steel needles. Samples were 
poured in a 1mL vial and immediately quenched in an ice-bath to prevent further polymerization. 
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For the additional experiment, in which a stepwise temperature program (TCL=1000) was 
applied, two oil baths each for one polymerization temperature were used with a fast manual 
switch of the flask to the second oil bath after 30 minutes by which the polymerization 
temperature was increased from 103 to 117°C. Again, in situ temperature control was applied. 
3.2.3 Analytical techniques 
Monomer conversion (Xm) was determined using both gas chromatography (GC) and gravimetric 
analysis allowing an additional reproducibility check (see Figure A.1 in Appendix). Size 
exclusion chromatography (SEC; a.k.a. gel permeation chromatography (GPC)) was used to 
determine the CLD and thus to measure the number average chain length (xn) and the dispersity 
(Ɖ) as a function of (monomer) conversion. 
A trace-GC ultra-Gas Chromatograph equipped with an AS3000 auto sampler, flame ionization 
detector (FID) detector and a CP Wax 52 CB 30m capillary column were employed for GC 
analysis. The injector and detector temperature were set at 275 °C. Helium (flow rate: 1.3 mL 
min
-1
) was used as carrier gas and a stepwise temperature program was set as follows: 40 °C 
during 4 min, followed by a heating ramp of 20 °C min
-1
 until a temperature of 145 °C was 
reached, which was maintained for 2 minutes. Decane was used as internal standard and 
dichloromethane as solvent to prepare the samples. Data acquisition and processing were 
performed with Chrom-Card Trace-Focus GC software. 
SEC analysis was performed with a PL-GPC50 plus instrument equipped with a PL-AS RT auto 
sampler, refractive index (RI) detector, and the following columns connected in series: one 
Resipore 50×7.5mm guard column and two Resipore 300 × 7.5 mm columns. Measurements were 
performed in tetrahydrofuran flowing at a constant rate of 1 mL.min
-1
 at a constant temperature of 
30°C. Calibration was performed with narrow polystyrene standard samples (Medium EasiVials 
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kit, Agilent Technologies) ranging from 445 to 3.49 × 10
5
 g mol
-1
. Data acquisition and 
processing were performed with PL Cirrus GPC/SEC software. 
As illustrated in Figure A.2 (Appendix), the reproducibility of the experimental data of the 
different responses is good. For completeness it is mentioned here that no reliable data on end-
group functionality (EGF) could be obtained. As previously indicated, accurate measurements of 
the EGF, especially for high TCLs, are difficult to obtain in RDRP processes.
58
 It should however 
be stressed that a sufficiently large range of response values can be obtained by considering the 
selected three responses, i.e. conversion, number-averaged chain length, and dispersity. 
3.3 Kinetic model and regression analysis 
An overview of the reactions included in the kinetic study for the NMP of styrene initiated by 
BlocBuilder MA is given in Table 3.2 with the reactants, i.e. the NMP initiator and the monomer, 
denoted as R0,1X and M. A distinction is made between styrene specific reactions steps, i.e. 
thermal initiation, propagation, termination, and chain transfer reactions, and NMP specific 
reaction steps, i.e. activation and deactivation reactions. 
Since the polymerization temperature ranges from 90-120°C, thermal initiation reactions 
(reactions TI1-TI3 in Table 3.2) are included in the kinetic model.
35, 36, 59
 For thermal initiation, 
the Mayo-mechanism 
60, 61
 is considered. In this mechanism, first a Diels-Alder cycloaddition 
takes place between two styrene molecules. The formed dimer can undergo a retro Diels-Alder 
reaction reforming two styrene molecules, but it can also undergo a molecule assisted homolysis 
with another styrene molecule, which results in the formation of two additional initiator radicals 
R0,2 and R0,3. 
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Table 3.2. Overview of reactions in BlocBuilder initiated NMP of styrene; y,z = 1,2,3,4 and y
*
 = 
2,3,4 
 
Reaction step 
k at 120°C 
((L mol-1)s-1) 
Ea 
(kJ mol-1) 
A 
((L mol-1)s-1) 
Ref. 
 Thermal initiation      
TI1 
Diels-Alder  
dimerization 
Dd
k
M  2  
1.79 × 10-7 93.5 4.74 × 105 38, 62 (a) 
TI2 
Retro Diels-Alder  
dimerization 
Mdr
k
D 2   
1.36 × 10-4 44.3 1.05 × 102 38, 62 (a) 
TI3 
Molecule assisted  
homolysis 
3,02,0 RRthi
k
MD    
9.07 × 10-8 99.5 1.51 × 106 38, 62 (a) 
 Chain initiation      
CI1  
1
1,0
1,0 R
k
MR
p
   
1.00 × 104 16.5 1.55 × 106 46 (b) 
CI2  
1
2,0
2,0 R
k
MR
p
   
2.04 × 103 32.5 4.24 × 107 63(c) 
CI3  
1
3,0
3,0 R
k
MR
p
   
2.04 × 103 32.5 4.24 × 107 63(c) 
CI4  
1
4,0
4,0 R
k
MR
p
   
2.04 × 103 32.5 4.24 × 107 63(c) 
P1 Propagation 
1  ii R
p
k
R  
2.04 × 103 32.5 4.24 × 107 63 
 Termination(d)      
T1  
00
,0;,0
,
,0,0 RR
k
RR
zy
apptc
zy    
composite kt model
(d) 61, 64 (d) 
T2  
i
iy
apptc
iy P
k
RR  
;,0
,
,0  
composite kt model
(d) 61, 64 (d) 
T3  
ji
ji
apptc
ji P
k
RR  
;
,
 
composite kt model
(d) 61, 64(d) 
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Table 3.2. Continued 
 Chain transfer      
CT1 to monomer 
4,00
,0
,0 RP
k
MR
y
trm
y    
2.09 × 10-1 53.0 2.30 × 106 61 
CT2  
4,0RP
k
MR i
trm
i    2.09 × 10
-1 53.0 2.30 × 106 61 
CT3 to dimer 
3,00
,0
,0 RP
k
DR
y
trd
y    1.50 × 10
2 27.5 6.76 × 105 65, 66(e) 
CT4  
3,0RP
k
DR i
trd
i   1.50 × 10
2 27.5 6.76 × 105 65, 66(e) 
 NMP (de)activation      
A1 Activation XR
k
XR a   1,0
1,0
1,0  
1.18 × 10-1 105.3 1.16 × 1013 this work(g) 
A2  XR
k
XR i
a
i   7.08 × 10
-3 148.7 4.04 × 1017 this work(g) 
DA1 Deactivation XR
k
XR da 1,0
1,0
1,0    2.80 × 10
6 0.00.0(f) 2.80 × 106 this work(g) 
DA2  XR
k
XR i
a
i   1.09 × 10
6 0.0(f) 1.09 × 106 this work(g) 
 (a) Rate coefficients were taken from Bentein et al. 
38
 at 123°C with activation energies taken from Woloszyn et 
al.
62
.(b) Propagation rate coefficient for R0,1 is assumed to be equal to be the one of the 2-(alkoxy)carbonylprop-2-yl 
radical 
67
.(c) Based on reference 
62, 68
, the propagation reactivity of the R0,2, R0,3 and R0,4 radicals is assumed to 
be equal.(d) Only recombination is considered as termination mode 
2
, no intrinsic rate coefficients needed as 
apparent rate coefficients are directly used (see Appendix).(e) Rate coefficient taken from Fu et al. 
65
 at 120°C with 
activation energy taken from Pryor et al. 
66
. This activation energy is in agreement with quantum chemical 
calculations by Khuong et al. 
69
.(f) Activation energies for deactivation reactions were set equal to zero, since the 
deactivation rate coefficient exhibit a very weak temperature dependence 
46, 51
. (g) Estimated in this work; confidence 
intervals are shown in Table 3.2 using reparametrized pre-exponential factors (Equation (3.1)). 
Chain transfer to monomer as well as chain transfer to dimer are considered (reactions CT1-4 in 
Table 3.2), as it has been indicated that these side reactions play an important role at elevated 
temperatures, both under controlled and free radical polymerization conditions.
38, 70, 71
. Based on 
literature data,
72
 chain transfer to polymer can be neglected, especially at the low/intermediate 
conversions (Xm < 0.65) considered in this kinetic study. Note that due to the presence of chain 
Chapter 3 75 
 
 
transfer reactions, four initiator radical types (reactions CI1-4 in Table 3.2) are obtained: R0,1, 
R0,2, R0,3 and R0,4. For the former species, a different propagation reactivity compared to the 
macrospecies Ri is considered, as suggested in previous kinetic studies.
46, 52
 
For NMP activation/deactivation (reactions A1 and A2 / DA1 and DA2 in Table 3.2), a 
distinction is made between initiator and macrospecies, in agreement with literature data.
19, 46
 
Note that the NMP activation relates to the cleavage of the N-OC bond in Figure 3.1(c). The 
competitive NO-C bond cleavage, which is a degradation reaction, can be safely neglected 
19, 73
 
for the relatively mild reaction conditions studied, simplifying the kinetic description. 
Furthermore, as indicated above, for BlocBuilder MA initiated NMP, disproportionation 
reactions leading to hydroxylamine formation can be ignored.
40
 Moreover, the absence of a rate 
acceleration in the conversion profiles (see ‘Results and Discussion’) indicates that also 
hydroxylamine formation via transfer reactions with SG1 can be ignored. 
The Arrhenius parameters of the considered reactions and the corresponding intrinsic rate 
coefficients at 120°C are also given in Table 3.2. The NMP activation/deactivation parameters 
are estimated in this work using the Levenberg-Marquardt algorithm (ODRPACK v2.01),
74
 while 
the other parameters are taken from literature. However, based on literature data, the activation 
energy for the deactivation reaction is assumed zero, leading to 6 Arrhenius parameters to be 
estimated (see Table 3.2). To minimize the binary correlation between the pre-exponential factors 
and the corresponding activation energies reparametrization is performed for the activation 
reactions, selecting a reference temperature ?̅?of 120°C: 















TTR
E
Ak
a 11
exp*  (3.1) 
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in which k is the intrinsic rate coefficient, A* is the reparametrized pre-exponential factor and Ea 
the activation energy. 
As objective function for the regression analysis Equation (3.2) is used: 
   ii
n
i
T
iiS yyWyyb ˆˆ)(
1


 (3.2) 
In this equation, the parameter estimates are stored in the vector b, and the vector yi and iyˆ  
respectively contain the measured and calculated conversions, number average chain lengths and 
dispersities for the i
th
 experimental data point. The weights of the regression are stored in the 
matrix W. For a detailed description on the calculation of this weights and on the regression 
analysis procedure in general the reader is referred to the work of De Roo et al. 
75
 and Toloza 
Porras et al.
76
 To avoid long simulation times during the parameter estimation, a deterministic 
solver is selected. The related continuity equations are integrated in a similar manner as described 
by Bentein et al.
38
 It should be noted that dilution due to the addition of decane (internal 
standard) is taken into account in these simulations. 
To account for the effect of the chain length dependency and viscosity increase on the diffusivity 
of the macroradicals,
77-80
 chain length and conversion dependent apparent termination rate 
coefficients are considered. Apparent homo-termination rate coefficients, in which the chain 
length is assumed to be equal to the number average chain length, are calculated using the so-
called composite kt-model as developed by Johnston-Hall et al.
64
 The corresponding parameters 
are provided in Table S.2 in Appendix. For simplicity, diffusional limitations on the 
activation/deactivation process, are neglected. As indicated in literature,
79, 81-83
 only at 
conversions at which the viscosity has increased significantly (typically Xm > 0.65) and for 
sufficiently bulky nitroxides, such as SG1, the regular activation-growth-deactivation process can 
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be hindered by diffusional limitations. In this work, experimental data are therefore only analyzed 
up to intermediate conversions (Xm < 0.65) at which the effect of diffusional limitation on the 
activation/deactivation process can be expected to be limited, at least for sufficiently high 
polymerization temperatures. Similarly, diffusional limitations on propagation can be neglected 
as they are only important under very viscous conditions at low polymerization temperatures.
79
 
For the detailed analysis of the simulation results after the regression analysis step, kinetic Monte 
Carlo (kMC) simulations are performed, allowing an explicit visualization of the polymer chains. 
The principle of this kMC method is explained in earlier work,
55-57
 and includes a differentiation 
of chains based on their chain length and living/dead nature. In this contribution, the visualization 
procedure is extended with a classification according to the chain initiation mechanism (reactions 
CI1-4 in Table 3.2) and the dead polymer formation reaction path. 
For the chain initiation involving dimer radicals (reactions CT3-4 in Table 3.2), an additional 
distinction is made according to the origin of the corresponding initiator radical R0,3, which is 
either formed via chain transfer to dimer (reactions CT3-4 in Table 3.2) or thermal initiation 
(reaction TI3 in Table 3.2). In the remainder of the text, these species are denoted respectively as 
R0,3* and R0,3**, as also specified in Figure 3.7. For the dead polymer formation, a subdivision is 
made according to dead polymer chains formed by recombination (reactions T1-3 in Table 3.2), 
chain transfer event to monomer (reactions CT1-2) and chain transfer to dimer (reactions CT3-4 
in Table 3.2). Importantly, in Appendix, it is shown that both the deterministic and stochastic 
solver give identical results for the evolution of the conversion and average polymer properties 
with time, highlighting the high numerical accuracy of the developed kinetic model. 
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3.4 Results and discussion 
In this section, a detailed kinetic study of the NMP of styrene initiated by BlocBuilder MA is 
presented. Based on an extensive experimental data set, covering both a broad range of 
temperatures (90-120°C) and TCLs (50-1000), experimental data on conversion, number 
averaged chain length, and dispersity are first used to estimate NMP specific (de)activation 
Arrhenius parameters. In a next step these parameters are employed to quantify the contribution 
of the various chain initiation steps, including the contribution of chain transfer to monomer and 
dimer. Finally, these parameters are used to perform a model-based optimization of the NMP 
process at elevated temperatures, focusing on the application of stepwise temperature programs. 
3.4.1 Estimation of activation and deactivation kinetic parameters 
Table 3.3 gives an overview of the estimated reparameterized activation pre-exponential factors, 
i.e. the estimated activation rate coefficients at 120°C (Equation (3.1)), the corresponding 
estimated activation energies and the estimated deactivation pre-exponential factors. All estimates 
are accompanied by their 95% confidence interval. It can be clearly derived that all six 
parameters have been estimated significantly. The F-value, which is a measure for the global 
significance of the regression, also largely exceeds the tabulated F-value (Fcalc = 1.22 10
4
 versus 
Ftab = 3.09), confirming the highly statistical relevance of the developed deterministic kinetic 
model. 
Moreover, based on the correlation matrix (Table A.3 in Appendix) it follows that the estimates 
are only weakly correlated, i.e. the recorded experimental data allow a reliable assessment of each 
individual kinetic parameter in a relatively independent way. Hence, in the present study the 
strong correlation of the pre-exponential factor and the activation energy, as often encountered in 
literature, could be circumvented, further highlighting the high accuracy of the reported estimates. 
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Table 3.3. Estimated Arrhenius parameters for (de)activation reactions in the NMP of styrene initiated by 
MAMA-SG1 (BlocBuilder MA) and their 95% confidence intervals; dormant macrospecies denoted as PS-
SG1; for activation: reparameterized pre-exponential factor A* (Equation (3.1)) is given while the 
corresponding A is given in Table 3.2; subscript “0,1” refers to the NMP initiator MAMA-SG1 (Table 
3.2). 
Reaction Parameter Estimated value 
Activation MAMA-SG1 
𝐴 ∗𝑎0,1 (s
-1
) (1.2 ± 0.1) × 10
-1 
𝐸𝑎,𝑎0,1 (kJ mol
-1
) 105.3 ± 1.5 
Activation PS-SG1 
𝐴 ∗𝑎 (s
-1
) (7.1 ± 0.5) × 10
-3
 
𝐸𝑎,𝑎 (kJ mol
-1
) 148.8 ± 2.0 
Deactivation MAMA + SG1
(a)
 Ada0,1 (L mol
-1
s
-1
) (2.1 ± 0.5) × 10
6
 
Deactivation PS + SG1
(a)
 Ada0,1 (L mol
-1
s
-1
) (1.1 ± 0.1) × 10
6
 
(a)
Activation energy for deactivation reactions was fixed at zero based on literature data 
53
. 
For the activation of the NMP initiator (MAMA-SG1) (reaction A1 in Table 3.2), both the 
resulting activation rate coefficient of 1.18 × 10
-1 
s
-1
 at 120°C and the activation energy of 105.3 
kJ mol
-1
, are well in line with typical values reported in literature. In particular, Bertin et al. 
47
 
reported values of 2.80 × 10
-1 
s
-1
 and 112.3 kJ mol
-1
. Similarly, for the activation of the dormant 
macrospecies (PS-SG1) (reaction A2 in Table 3.2), the intrinsic value obtained in this work at 
120°C (ka = 7.08 × 10
-3 
s
-1
) agrees well with literature data. For instance, via electron 
paramagnetic resonance measurements (EPR) Bertin et al. 
84
 obtained a slightly lower average 
value of 5.6 × 10
-3 
s
-1
, and using a GPC resolution method Goto et al. 
48
 obtained a slightly higher 
value of 1.1 x 10
-2 
s
-1
. On the other hand, the corresponding estimated activation energy , i.e. 
148.7 kJ mol
-1
, is ca. 18 kJ higher compared to the one reported by Goto et al.
48
 The latter and 
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present kinetic study confirm, however, the higher temperature dependency for activation of 
dormant macrospecies compared to the NMP initiator. In this contribution, an estimated 
difference of 43 kJ mol
-1
 is reported. 
For the deactivation of polystyryl radicals with SG1 (reaction DA2 in Table 3.2), a rate 
coefficient of 1.09 × 10
6
 mol L
-1
 s
-1
 is obtained in this work which is to a first approximation 
similar to the value of 5.30 × 10
5
 mol L
-1
 s
-1
 determined by Guillaneuf et al. 
50
 and with the value 
of 5.70 × 10
5
 mol L
-1
 s
-1
 obtained by Benoit et al. 
52
 Note that for the deactivation of the NMP 
initiator species (reaction DA1 in Table 3.2), to the best of the author’s knowledge, no direct 
comparison can be made with literature data, highlighting the strength of the proposed regression 
approach to obtain all relevant activation/deactivation parameters simultaneously. 
The corresponding parity diagrams are shown in Figure 3.2, while including a normalization with 
respect to the TCL for the second response, i.e. the number average chain length xn. On an overall 
basis the three responses are modeled in a satisfactory manner, since all points are in the close 
vicinity of the bisector. The highest model performance is obtained for the conversion profiles 
and the number averaged chain length. For the dispersity, a somewhat larger discrepancy between 
experimental and calculated values is however observed, which can be partially attributed to the 
larger experimental error on the dispersity values, in particular at low average chain lengths.
85
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Figure 3.2. Parity diagrams for (a) the conversion (Xm) (b) the ratio of the number averaged chain length 
(xn) to the TCL (c) the dispersity (Ɖ). 
In Figure 3.3 the simulated and experimental responses are compared at distinct polymerization 
temperatures and TCLs (entry 1-11 in Table A.1), using the Arrhenius parameters given in Table 
3.2. The plots for the other conditions (entry 12-16 in Table A.1) can be found in Appendix 
(Figure A.4). In agreement with the parity plots, the experimental trends are well captured by the 
kinetic model, in particular for the higher temperatures studied (110°C and 120°C). 
The deviations for xn and dispersity at lower temperatures (90°C and 100 °C) and higher 
conversions could be ascribed to the possible interference of diffusional limitations on the 
activation/deactivation process 
79
 and even on propagation, as also indicated by Roa Loa et al.
86
 
Diffusional limitations on (de)activation and propagation steps are however neglected in the 
current kinetic model, as indicated above. At low temperatures, chain transfer reactions can be 
neglected but a more viscous polymer-monomer mixture is obtained at a given conversion, in 
particular in case higher chain lengths are formed. As can be seen in Figure 3.3 (top two rows) a 
more pronounced deviation is obtained for a higher TCL at higher conversions, supporting the 
hypothesis that such diffusional limitations are indeed the reason for the observed discrepancy at 
the lower temperatures studied. It should however be stressed that these data points are of low 
added value in case the NMP process would be industrially applied. 
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Figure 3.3. Comparison between simulations and experiments: effect of temperature for different TCLs 
(a),(d),(g),(j) Conversion as a function of time; (b),(e),(h),(k) number-average chain length (xn); 
(c),(f),(i),(l) dispersity (Ɖ) as a function of conversion for the NMP of styrene initiated by BlocBuilder MA 
at 90°C, 100°C, 110°C, and 120°C. (■, green) corresponds to a TCL of 100; (▲, black) corresponds to a 
TCL of 1000; (●, blue) corresponds to a TCL of 500; (▼, red) corresponds to a TCL of 1000; lines 
correspond to calculated values with set of parameters given in Table 3.2; deterministic solver used; 
entries 1-11 in Table A.1 in Appendix. 
Note that at the higher temperatures in Figure 3.3 (110°C and 120°C) the influence of the TCL on 
the conversion profile is rather limited. In contrast to classical RDRP systems, in styrene NMP at 
elevated temperatures thermal initiation occurs. Simulations indicated that upon an increase of 
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TCL thermal initiation compensates more for the lower number of radicals generated from the 
NMP initiator species. 
Furthermore, the importance of the differentiation between the activation/deactivation kinetics of 
NMP initiator related species and macrospecies is given in Figure 3.4. In this figure, for a 
representative condition (entry 8 in Table A.1 in Appendix), the simulation results are compared 
in case the NMP initiator (de)activation rate coefficients are assumed equal to the corresponding 
rate coefficients for the macrospecies. Clearly, a strong deviation is obtained, highlighting the 
necessity to perform a multi-response regression analysis for a reliable estimation of 
(de)activation kinetic parameters. 
 
Figure 3.4. Influence of NMP initiator (BlocBuilder) activation intrinsic rate coefficient on the simulation 
of the NMP of styrene at T = 110°C and TCL = 1000 (entry 8 in Table A.1 in Appendix).(a) conversion as 
a function of time, (b) number-average chain length (xn) and (c) dispersity (Ɖ) as a function of conversion; 
red dashed lines correspond to the simulation with the kinetic parameter set given in Table 3.2, green full 
lines correspond to the simulation with the kinetic parameter set given in Table 3.2 but under the 
assumption that ka,0 = ka and kda,0 = kda; deterministic solver. 
3.4.2 Importance of side reactions 
As indicated in the previous section, the estimation of the activation/deactivation parameters has 
been performed using a deterministic solver considering three responses, namely the conversion, 
84 Chapter 3 
the number averaged chain length, and the dispersity. The last two of these responses are, 
however, average properties of the measured CLD. Using the more advanced kinetic Monte Carlo 
(kMC) method 
56, 57
 the actual CLD can be simulated, as illustrated in Figure 3.5 (top row) for a 
TCL of 100, 500 and 1000 at a conversion of 0.50 and a polymerization temperature of 120°C 
(black dashed lines). This figure also includes a comparison with the experimentally obtained 
SEC traces (red dots). Importantly, as indicated above, the corresponding kMC conversion profile 
and evolution of the average properties benchmark with the deterministic simulation output used 
for the regression analysis. 
As can be seen in Figure 3.5 (a)-(c), for all three TCLs, a good agreement between the simulation 
and experimental results is obtained. The slight deviations at lower chain lengths can be partly 
attributed to the difficulty of measuring the chain length of oligomeric chains. For the higher 
TCLs, a clear fronting, i.e. the significant presence of oligomeric chains, can be observed. For a 
TCL of 300, the good agreement between the SEC and simulated CLD data at distinct 
conversions is illustrated in Figure A.5 (Appendix). This good agreement between the 
experimental and the simulated CLD data for different reaction conditions thus strengthens the 
validity of the obtained parameter set during the regression analysis. 
In Figure 3.5 (d)-(f) the CLDs presented in Figure 3.5 (a)-(c) are subdivided according to their 
“living nature”, i.e. a differentiation is made between the contribution of the dormant polymer 
chains (blue) and the dead polymer chains (green), ignoring the negligible contribution of the 
macroradicals. Note that these additional profiles are scaled with respect to all polymer chains, 
and thus are not normalized per se, i.e. the area under the curves can be different from one. For 
the lower TCLs, it is observed that rarely any dead polymer chain is formed, indicative of the 
limited importance of termination and chain transfer reactions. For the higher TCLs, however, an 
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increase of the dead polymer population can be clearly observed and both the dead and dormant 
population are characterized by a fronting behavior, implying a significant contribution of chain 
transfer reactions, in agreement with literature data.
38
 
 
Figure 3.5. Chain length distributions (CLDs) obtained via SEC measurements (black dashed line) and 
via kMC simulation results (red points) for a TCL of (a) 100 (Xm = 0.51), (b) 500 (Xm = 0.52), (c) 1000 
(Xm = 0.48); Subdivision of CLD (red dots) into individual contribution of dormant polymer chains (blue 
dots) and dead polymer chains (green dots) at same conditions as for (a),(b),(c), respectively; entry in 9-
11 in Table S.1 (Appendix). 
Moreover, the kMC technique allows to track the reaction event history, allowing a subsequent 
differentiation according to the chain initiation step, i.e. the step leading to the incorporation of 
the first monomer unit, and the nature of the dead polymer product. In these kMC simulations, a 
representative number of macrospecies (starting from ca. 2.5 × 10
7
 monomer molecules) is 
tracked throughout the polymerization. For visualization purposes, however, a random selection 
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of maximum 750 chains is performed. A different number of chains can be actually obtained per 
selection, as the number of total chains tracked can be different taking into account that thermal 
initiation and chain transfer lead to extra chains, compared to the classical NMP reactions. 
For a polymerization temperature of 120°C and a TCL of 1000 (entry 11 in A.1 (Appendix)), this 
explicit visualization is presented in Figure 3.6 at a conversion of 0.1, 0.4 and 0.7. A first 
distinction is made between the dead and dormant species (top vs. bottom part) and a second 
distinction is made via their chain initiation (reaction CI1-4 in Table 3.2) or dead polymer 
formation (reaction CT1-4 and T1-3 in Table 3.2) mechanism, following the colors of the 
reactions depicted in Figure 3.6 (c). As indicated above, for the dimer radicals (R0,3 in Table 3.2) 
an additional superscript * or ** is introduced to denote their formation by chain transfer and 
thermal initiation, respectively. 
The dormant polymers chains obtained via chain initiation involving a R0,1 radical released by 
activation of BlocBuilder (reaction A1 in Table 3.2), are represented in blue. On the other hand, 
dormant species obtained via chain initiation of the radicals, R0,3
*
 or R0,4, which are respectively 
formed upon chain transfer to dimer and monomer (reactions CT3-4 and CT1-2, respectively, in 
Table 3.2), are depicted in orange and green. Dormant species could alternatively have been 
initiated via the thermal initiation Mayo mechanism (yellow lines), in which 3 monomer units 
react forming two initiating radicals R0,2 and R0,3
* *
(reaction T3 in Table 3.2) Note that, from a 
chemical point of view, and as shown in Figure 3.7, the initiator radical R0,3
**
 being formed via 
thermal initiation is identical to the radical formed by the transfer to dimer reaction (R0,3
*
).  
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Figure 3.6. Kinetic Monte Carlo based visualization of a representative number of polymer chains 
according to their dead or dormant nature and chain initiation for the NMP of styrene initiated by 
BlocBuilder MA (TCL = 1000; 120°C; entry 11 in Table A.1 (Appendix) at three different conversion: (a) 
Xm = 0.1, (b) Xm = 0.4, and (d) Xm = 0.7. (c) explanation of color code used with the boxed species 
corresponding to the macrospecies being visualized. From top to bottom: for dead polymer chains: 
termination product via transfer to dimer reactions (CT3-4 in Table 3.2; red), termination product via 
chain transfer to monomer (CT1-2 in Table 3.2; teal), termination via recombination (T1-3 in Table 3.2; 
black); for dormant chains a distinction is made according to the chain initiation event: chain initiation 
via radicals (R0,2 and R0,3*) formed upon thermal initiation(TI3 in Table 3.2; yellow), initiation by radical 
(R0,3**) originating from chain transfer to monomer/dimer (CT1-2/3-4 in Table 3.2; green/orange), 
initiation via NMP initiator radical (A1 in Table 3.2; blue), initiator radical R0,3
**
 being formed via 
thermal initiation is identical to the radical formed by the transfer to dimer reaction (R0,3
*
): see Figure 
3.7; note in Table 3.2:only R0,3 is used and not R0,3
*
 and R0,3
**
. 
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However, both products have to be distinguished to allow for a differentiation upon chain 
initiation, as envisaged in Figure 3.6. When a dead polymer chain is formed, i.e. via termination 
by recombination (reactions T1-3 in Table 3.2) or chain transfer to dimer or monomer (reactions 
CT3-4 and CT1-2, respectively, in Table 3.2), this chain is also labeled according to the 
underlying reaction event. The respective colors are black, red and teal. Note that for termination 
no further differentiation is made with respect to the end-groups involved to avoid overloading 
the figure. 
At low conversion (Xm = 0.1) it can be seen that the dormant polymer chain fraction (bottom part 
in Figure 3.6 (a),(b),(d)) predominantly exists of chains initiated by the NMP initiator (EGF ≈ 
0.90). The small dead fraction is primarily composed of dead polymer chains formed by 
termination reactions via recombination, taking into account that the persistent radical effect is 
not established instantaneously.
21
 At the higher conversions, the fraction of dead chains is 
however gradually increasing, which can be mainly attributed to chain transfer to dimer reactions 
(red), especially at the highest conversion studied (Xm = 0.7). It can also be observed that chain 
transfer to monomer (teal) has a non-negligible contribution to the formation of the dead polymer 
product, and thus also to the formation of oligomeric dormant species (green). 
A rather remarkable conclusion from Figure 3.6 is that only a limited fraction of dormant chains 
is formed directly via the thermal initiation mechanism (yellow) at the elevated temperature of 
120°C. This can however be explained by the high importance of the chain transfer to dimer 
compared to the competitive molecule assisted homolysis. Both reactions consume a dimer 
molecule, but in the former a dead species is formed so that on a net basis no extra radicals are 
formed. In addition, the continuous formation of extra radicals via the molecule assisted 
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homolysis, leads to an imbalance for the mediating agent vs. the active species, enhancing the 
relevance of termination reactions. 
Finally, it follows that despite the presence of diffusional limitations on termination, the 
formation of dead polymer chains cannot be avoided, which is visualized by the appearance of 
the longer (black) polymer chains at higher conversion. The latter is agreement with earlier work 
of Goto and Fukuda 
87
 and recent work of Zhong et al. 
88
 on related RDRP systems. 
 
Figure 3.7. Reactions leading to the chain initiating steps corresponding with Figure 3.6. 
3.4.3 Model-based optimization via a stepwise temperature program 
In this section, a model-based optimization strategy is applied, benefiting from the 
aforementioned successful regression analysis procedure to retrieve reliable 
activation/deactivation Arrhenius parameters. A similar strategy was already followed for FRP 
89
 
and very recently for atom transfer radical polymerization (ATRP), a related CRP technique.
90
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The aim of this optimization is the synthesis of a better defined polystyrene product at a TCL of 
1000 within the same reaction time as for an isothermal NMP at 120°C to reach a conversion of 
0.70. The latter polymerization temperature is selected as a reference temperature, since it allows 
a sufficiently high conversion within a reasonable reaction time. 
Simulations indicated that following stepwise temperature program is most suited. First the 
polymerization temperature is set at 103°C for 30 minutes, after which the polymerization 
temperature is raised to a value of 117°C for the remainder of the polymerization. Note that the 
use of a temperature increase in the NMP process was previously highlighted by Chauvin et al.,
46
 
focusing mainly on the importance of a sufficiently high NMP initiator activation rate at low 
conversions and less on the optimization of the NMP process as such. 
A comparison of the isothermal and non-isothermal case, is presented in Figure 3.8(a), in which 
the conversion, average chain length and dispersity profiles are given, as obtained by 
deterministic simulations and as experimentally recorded. As can be seen, the trends observed in 
the simulations are also confirmed by the experimental results, highlighting again the high 
accuracy of the Arrhenius activation/deactivation parameters obtained in this work. Despite the 
much lower polymerization temperature in the first 30 minutes and the slightly lower 
polymerization temperature throughout the remaining time of the polymerization, the conversion 
profile using the stepwise program converges towards the one of the isothermal polymerization. 
Importantly, under the selected non-isothermal conditions, slighty higher xn, and lower dispersity 
values are obtained, reflecting a higher polymer product quality. 
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Figure 3.8. (a) Comparison between experimental and deterministic simulation results for NMP of styrene 
initiated by BlocBuilder MA (TCL = 1000): (●,red) isothermal case (T = 120°C), and (■,green) the non-
isothermal case with a stepwise temperature program (T = 103°C (0-0.5h) – T = 117°C (0.5-6h)); from 
left to right: conversion as a function of time, number average chain length and dispersity as a function of 
conversion; lines correspond to calculated values with the set of parameters given in Table 3.2 (b) 
detailed kMC representation of a representative number of polymer chain for the non-isothermal case; 
same colors as in Figure 3.6. 
Detailed kMC simulations for the non-isothermal case at Xm = 0.1 and Xm = 0.7 are displayed in 
Figure 3.8 (b) and reveal the underlying causes of the observed behavior. Comparison of the 
results at Xm = 0.1 with those from the isothermal polymerization (Figure 3.6 (a)) allows to 
deduce that a ca. 50% smaller fraction of dead chains is formed with the improved model-based 
method, implying a different intensity of the persistent radical effect at low polymerization times. 
Due to the lower initial polymerization temperature with the stepwise program, the release of R0,1 
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species (reaction A1 in Table 3.2) is delayed (Figure 3.9 (a)), leading to less termination reactions 
and thus a higher livingness. The latter phenomenon implies a less pronounced build-up of 
nitroxide species (Figure 3.9 (b)), explaining the faster polymerization rate at higher 
polymerization times, eventually leading to the same polymerization time to reach the targeted 
conversion of 0.70 (Figure 3.8 (a)). 
 
Figure 3.9. (a) Concentration of the radical (R0,1) released upon activation of the NMP initiator (R0,1X); 
(b) Concentration of the persistent nitroxide radical (SG1) (X); (c) Concentration of the NMP initiator 
(R0,1X) as a function of conversion; conditions see Figure 3.8 with green dashed lines (isothermal case) 
and red full lines (stepwise temperature program). 
On the other hand, a slower release of R0,1 species is accompanied by a slower NMP initiation on 
a conversion basis (Figure 3.9 (c)), explaining the somewhat higher dispersity values at low 
conversions for the non-isothermal case (≤ 0.2). However, at higher conversions the latter effect 
is counteracted by the higher livingness, explaining the better control over chain length with the 
stepwise temperature program. The latter can also be inferred from a comparison of the explicit 
kMC visualizations at Xm = 0.7 (Figure 3.6 (d) vs. Figure 3.8 (b)). Clearly, the amount of dead 
polymer formed by chain transfer to dimer is smaller for the non-isothermal case (Figure 3.8 (b)), 
which can be linked to the lower temperature along the whole NMP, consistent with the lower 
measured dispersities (Figure 3.8 (a)). 
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3.5 Conclusions 
For the NMP of styrene initiated by MAMA-SG1, regression to an extensive set of isothermal 
experimental data allowed to identify that the activation step for the NMP initiator is ca. 43 kJ 
mol
-1
 less activated than the corresponding macro-activation. At 120°C, values of 1.18 × 10
-1
 s
-1
 
and 7.08 × 10
-3
 s
-1
 are obtained for the respective activation rate coefficients, in agreement with 
literature data. Deactivation is however slightly favored for the NMP initiator radicals (2.08 × 10
6
 
vs. 1.09 × 10
6 
L mol s
-1
). 
A sufficiently high polymerization temperature (> 110°C) should be selected to ensure a high 
monomer conversion within a reasonable polymerization time. However, at such temperatures a 
clear fronting in the CLD is obtained at high TCLs (>300), which is reflected both in the dead 
and dormant population. Moreover, kMC simulations in which polymer chains are not only 
organized according to their dormant or dead nature but also with respect to their chain initiation, 
revealed that chain transfer to dimer is the main contributor to this loss of control over chain 
length. Based on these kMC simulations, it also follows that diffusion controlled termination 
reactions and chain transfer to monomer reactions cannot be neglected throughout the NMP. 
A stepwise temperature program, as obtained via model-based optimization, can partially resolve 
the lack of control at 120°C and high TCLs by a suppression of chain transfer to dimer reactions, 
as experimentally confirmed by a drop of the dispersity at high conversions. The applied strategy 
of the consideration of a non-isothermal program for improved control can be extended to other 
RDRP processes, provided that the activation/deactivation Arrhenius parameters are obtained 
based on a multi-response regression analysis covering a broad temperature and TCL range. 
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Chapter 4. Exploring the full potential of reversible deactivation radical 
polymerization using Pareto-optimal fronts 
Summary 
The use of Pareto-optimal fronts to evaluate the full potential of reversible deactivation 
radical polymerization (RDRP) using multi-objective optimization (MOO) is illustrated for 
the first time. Pareto-optimal fronts are identified for activator regenerated electron transfer 
atom transfer radical polymerization (ARGET ATRP) of butyl methacrylate and nitroxide 
mediated polymerization (NMP) of styrene. All kinetic and diffusion parameters are 
literature based and a variety of optimization paths such as temperature and fed-batch 
addition programs are considered. It is shown that improvements in the control over the 
RDRP characteristics are possible beyond the capabilities of batch or isothermal RDRP 
conditions. Via these MOO-predicted non-classical polymerization procedures, a significant 
increase of the degree of microstructural control can be obtained with a limited penalty on 
the polymerization time, specifically if a simultaneous variation of various polymerization 
conditions is considered. The improvements are explained based on the relative importance 
of the key reaction rates as a function of conversion. This work was published in Polymers 
2015, 7(4). 655-679. 
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4.1 Introduction 
During the last two decades, reversible deactivation radical polymerization (RDRP), which is also 
known as controlled radical polymerization (CRP), has shown to overcome disadvantages of 
conventional free radical polymerization (FRP), which allows mostly the synthesis of commodity 
polymer products,
1-7
 unless expensive functional monomers are used.
8, 9
 Under well-defined 
conditions, RDRP techniques are characterized by the establishment of a dynamic pseudo-
equilibrium between propagating and dormant species, allowing the controlled incorporation of 
monomer units per activation-growth-deactivation cycle. This enables the production of polymers 
with a predetermined number average chain length and narrow chain length distribution 
(dispersity (Ð) < 1.3) that possess end-group functionality EGF. This brings the synthesis of well-
defined macromolecular architectures such as block and star copolymers within reach. Two 
important RDRP techniques, which are studied in this work, are activators regenerated by 
electron transfer atom transfer radical polymerization (ARGET ATRP) 
10-16
 and nitroxide 
mediated polymerization (NMP).
17-21
 
In traditional ATRP (Figure 4.1; left top), typically a Cu(I)-complex (Cu
I
X/L; activator; X: 
halogen atom) catalyzes the homolytic cleavage of an ATRP initiator (R0X’) to yield an initiator 
radical (R0’) and a transition metal complex characterized by a higher oxidation state (Cu
II
X2/L; 
deactivator). This R0 species propagates until it is temporarily deactivated by Cu
II
X2/L to yield a 
halide capped dormant macrospecies (RiX’; i: chain length). Typical monomers are styrene, 
(meth)acrylates and acrylamides. However, during the initial stage of the ATRP, termination 
reactions are also occurring at significant rates, thereby leading to a build-up of deactivator 
species. Hence, the deactivation reaction is favored over the termination reaction at higher 
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polymerization times, allowing microstructural control. This effect has been first described by 
Fischer et al. 
22, 23
 and is known as the persistent radical effect.
24
 The commercial utilization of 
ATRP is however hampered by various challenges such as perfect oxygen removal, excessively 
high catalyst concentrations leading to extensive post-polymerization purifications, and the toxic 
characteristics of the transition metal complexes 
1
. Therefore, alternative initiating procedures 
which result in a much more attractive ATRP have been investigated, i.e. systems in which the 
catalyst concentration is dramatically lowered and less stringent reaction conditions are 
employed.
25
 
 
Figure 4.1. Left: basic reaction scheme for Activators ReGenerated by Electron Transfer (ARGET) Atom 
Transfer Radical Polymerization (ATRP) using a Cu-based catalyst (Cu
II
X2/L; deactivator) and as ATRP 
initiator R0X’ (X: halogen atom), and monomer M’; Right: basic reaction scheme for Nitroxide Mediated 
Polymerization (NMP) using an alkoxyamine initiator R0X and monomer M; k: rate coefficient; 
a,da,p,red,t: activation, deactivation, propagation, reduction, and termination; i: chain length with i=0 
initiator related; grey box: initial presence of this species (i = 0); for simplicity only termination by 
recombination is shown; in traditional ATRP no reducing agent and also activator present at the start. 
One of these modified ATRPs is ARGET ATRP (Figure 4.1; left panel).
26-28
 In this RDRP, a 
reducing agent, for example tin(II) 2-ethylhexanoate (Sn(EH)2), is added in excess relative to the 
ATRP catalyst, which is present at very low amounts (< 300 ppm with respect to monomer; 
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molar). This allows the in situ reduction of the deactivator species and thus the regeneration of 
activator species. Moreover, ARGET ATRP allows the polymerization to be initiated by only the 
halide initiator and the deactivator, leading to less stringent reaction conditions compared to the 
classical ATRP process. It has been indicated that the outcome of the ARGET ATRP is very 
sensitive to the initial concentrations. In particular, the amount of reducing agent has to be 
selected carefully, taking into account a trade-off between polymerization rate and livingness.
29-32
 
Moreover, by switching to continuous operation, a more industrial relevant process can be 
obtained.
33, 34
 
The basic kinetic scheme of the second studied RDRP, i.e. NMP,
17, 35
 is shown in Figure 4.1 
(right panel). NMP is one of the first discovered RDRP systems, due to the pioneering work of 
Rizzardo et al.
36
 Since then, numerous studies have been devoted to clarify the mechanism and 
the kinetics of NMP,
37-42
 focusing mostly on styrene and acrylates as monomers. In NMP, an 
alkoxyamine initiator (R0X), undergoes a homolytic cleavage at elevated temperature which 
releases a R0 species and a nitroxide radical (X), also called the persistent radical. As in ATRP, 
the initiator radical undergoes chain initiation and the persistent radical effect takes place 
allowing control at higher polymerization times.
43
 Further optimization can be obtained via, for 
example, novel and highly active nitroxides/alkoxyamines 
44, 45
 such as N-(2-methyl-2-propyl)-N-
(1-diethylphosphono-2,2-dimethylpropyl)-N-oxyl (MAMA-SG1; BlocBuilder®), the use of 
conventional radical initiators with a long half-life time,
46
 the continuous addition of conventional 
radical initiator,
47
 and rate-enhancing organic acids.
48
 
However, both ARGET ATRP and NMP still display several shortcomings, which partly explains 
the limited industrial realization of RDRP.
49
 Taking into account technical-economic 
considerations, several aspects should be still optimized. From a technical point of view an 
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improved polymer product, i.e. a better control over the narrowness of the CLD and a high EGF, 
are desired. On the other hand, the economic feasibility of the polymerization process necessitates 
that a predetermined conversion is reached within a minimal reaction time. These objectives are 
unfortunately often contradictory in nature, implying the need of multi-objective optimization 
(MOO) for the unbiased optimization of RDRP. Such optimization studies do not deliver a 
unique set of operating conditions, but result in a set of several equivalently optimal solutions. 
This so-called Pareto-optimal front offers the decision-maker useful insights in the compromise 
to be made and provides the flexibility to decide which is the preferred operating point taking into 
account specific constraints on polymerization time and microstructural control.
50, 51
 
Several approaches have been developed which are suited for solving MOO-problems, such as 
fuzzy logic, neural networks, simulated annealing, and genetic algorithms.
52
 The latter have 
shown to be very suited to solve MOO-problems involving many design variables, as in RDRP. 
A pioneering genetic algorithm is the so-called Nondominated Sorting Genetic Algorithm 
(NSGA) proposed by Srinivas and Deb.
53
 This algorithm suffered from several drawbacks, which 
have been addressed by the development of an improved version NSGA-II.
54
 
MOO has already been successfully applied for several conventional radical and non-radical 
polymerization processes, such as the production of nylon-6 in a semi-batch operated reactor,
55
 
the synthesis of polyester films,
56
 semi-batch epoxy polymerization,
57
 free radical 
(co)polymerization,
50, 58
 and emulsion polymerization.
59, 60
 Typically off-line optimization is 
performed, taking into account limitations for the calculation time of the MOO algorithm for 
complex kinetic schemes. For RDRP, however, this methodology has not yet been explored. In 
this work, for the first time, the potential of MOO for RDRP will be illustrated, considering 
ARGET ATRP of butyl methacrylate (BMA) and NMP of styrene as model cases and using 
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NSGA-II.
61-63
 All kinetic and diffusion parameters are taken from literature 
61, 64, 65
 and a variety 
of optimization paths, such as temperature and fed-batch addition programs, are included, 
considering time, Ð and EGF as objectives. For simplicity, the objectives are evaluated only at a 
final conversion of 0.75. It is shown that significant progress can be made in the control over the 
RDRP characteristics via such non-classical polymerization procedures. 
The reported improvements are explained by a comparison of the relative importance of the key 
reaction rates as a function of conversion. This involves a comparison of the propagation, 
deactivation and termination reaction probabilities and in addition probabilities related to 
important side reactions, such as chain transfer to dimer in the case of NMP of styrene. 
4.2 Modeling procedure 
4.2.1 Reaction schemes and rate coefficients 
The reaction scheme for ARGET ATRP of BMA using Sn(EH)2 as reducing agent (R
II
 in Table 
4.1), ethyl 2-bromoisobutyrate as ATRP initiator (R0X’ in Table 4.2), and CuBr2/TPMA (TPMA: 
tris[(2-pyridyl)methyl]amine; D’ in Table 4.3) as deactivator is given in Table 4.3 (left column), 
considering bulk conditions for simplicity. The listed kinetic parameters are adopted from Payne 
et al. 
64
 and a distinction is made between ARGET ATRP specific and non-specific reaction 
steps. The main reactions are propagation, termination, and ATRP (de)activation. Both 
termination by disproportionation and recombination are considered. Chain transfer to monomer 
is neglected, based on previous studies.
66
 Furthermore, a first and second reduction step for 
activator regeneration is included. Chain length and conversion dependent apparent termination 
rate coefficients are calculated via the composite kt-model using the RAFT-CLD-T method, with 
improved parameters taken from the recent work from Derboven et al. 
65
 For the other reaction 
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steps, no diffusional limitations have to be accounted for, at least to a first approximation, as 
typically a maximal conversion of 0.75 is obtained. Note that the MOO-strategy can be extended 
to higher conversions, provided that reliable activation/deactivation parameters become available. 
A deterministic model based on the method of moments is used to describe the polymerization 
kinetics. More details on the method of moments can be found in Appendix. 
An overview of the reactions included in the kinetic model of the NMP of styrene initiated by 
MAMA-SG1 (R0,1X in Table 4.3) is given in Table 4.3 (middle column). A distinction is made 
between styrene and NMP specific reaction steps. The corresponding Arrhenius parameters are 
taken from Fierens et al.,
61
 who performed regression analysis on an extensive set of 
experimental polymerization data to obtain NMP (de)activation kinetic parameters while 
accounting for the reactivity difference between initiator and macrospecies. Importantly, for the 
styrene specific steps, thermal auto-initiation 
67
 is included, since for styrene, at elevated 
temperatures (> 100°C), auto-initiation occurs in which two styrene molecules undergo a Diels-
Alder cycloaddition to form a dimer molecule (D in Table 4.3). This dimer can undergo a retro 
Diels-Alder reaction forming two styrene molecules or it can undergo a molecule assisted 
homolysis to yield two additional initiator radicals R0,2 and R0,3. Chain transfer reactions to 
monomer and dimer are considered, based on literature data.
62, 68
 Again chain length and 
conversion dependent apparent rate coefficients are taken into account.
69, 70
 Here, also, a 
deterministic model based on the method of moments has been used. 
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Table 4.3. Reactions and Arrhenius parameters for the simulation of ARGET ATRP of butyl methacrylate 
(BMA; left column) and NMP of styrene initiated by MAMA-SG1 (middle column); Arrhenius parameters  
(A ((L mol
-1
) s
-1
) and Ea (kJ mol
-1
)) given in right column. Termination reactions are included in the 
kinetic model but not explicitly shown (for ARGET ATRP case: recombination and disproportionation; for 
NMP case: recombination); A’ = CuIX/L, D’= Cu
II
X2/L, R
z
=Sn
z
(EH)2, M’ = butyl methacrylate, R0X’ = 
ethyl 2-bromoisobutyrate, M = styrene, R0X = MAMA-SG1, D = dimer; j =1,2,3,4; j’ = 2,3,4. 
 
4.2.2 Genetic optimization algorithm: NSGA-II 
A solution, i.e. a set of variables (e.g. temperature and molar amounts for a given conversion 
interval), is said to be Pareto-optimal if there exists no other set of feasible variables that will 
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yield an improvement in one objective (e.g. Ð) without worsening at least one other objective 
(e.g. time to reach a given conversion). This set of conditions is said to be non-dominated and 
belongs to the Pareto-optimal front.
52
 
In this contribution, the Nondominated Sorting Genetic Algorithm-II (NSGA-II) has been 
implemented in FORTRAN code and combined with literature deterministic kinetic models for 
ARGET ATRP of BMA and the NMP of styrene to perform MOO. In the first step of the NSGA-
II algorithm (Scheme B.1; Appendix), a population of Np parents (P1; generation 1) is generated. 
This population refers to a set of initial variables which are randomly distributed in between 
minimum and maximum boundaries (e.g. a temperature range for a specific conversion). The 
polymerization characteristics of the population are evaluated at a predetermined conversion, 
after which the population is sorted based on non-domination, leading to a ranking of the 
individuals. This results in a so-called fitness value per population member, also known as the 
rank. Subsequently, each population member is assigned a crowding-distance, which allows to 
identify their level of remoteness in the objective space. This ensures the diversity of the 
population upon regeneration, which in this first generation refers to the creation of an initial 
offspring population (Qi; i = 1) of size No. The latter population is obtained via selection, with 
rank as first decision criterion and crowding-distance as second, and subsequent crossover, and 
mutation. 
In a next step, the ranks and crowding-distances of the combined population (Ri), i.e. parents and 
offspring population, are determined. Hereafter, a new generation for the parent population (Pi+1) 
of Np members is created by selecting the best performing individuals out of the combined 
population with again the same decision criteria, i.e. rank and crowding-distance. 
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Additional generations are obtained by repeating the aforementioned process of offspring 
generation and reduction of population members to Np size until a predefined maximum 
generation number is reached. If this number is sufficiently large the Pareto-optimal front is 
approached, provided that the other NSGA-II parameters (Table B.1; Appendix) are properly 
chosen. For more details on the NSGA-II algorithm, the reader is referred to Deb et al.
54
 
An overview of the upper and lower bounds of the variables selected in this work is given in 
Appendix (Table B.2). 
4.3 Results and Discussion 
4.3.1 Multi-objective optimization of ARGET ATRP 
The MOO of ARGET ATRP of BMA is explored considering time and Ð as objectives. Two 
objectives are selected in this case study to illustrate the strength of Pareto-optimal fronts, taking 
into that the simulated EGF variation is rather limited (<5%). Moreover, it has been verified that 
similar number averaged chain lengths are obtained for all cases considered. Several optimization 
pathways are considered, namely optimization via the application of a non-isothermal 
temperature program, fed-batch addition of monomer and fed-batch addition of reducing agent. 
The fed-batch addition of deactivator is ignored, since preliminary simulations revealed no 
improvement compared to the batch condition. Also the combination of several optimization 
pathways is examined and shown to be synergetic in particular cases. A constraint on the 
polymerization time of maximum 50 hours is imposed and the total molar amount of reactants is 
fixed with as reference case the following batch conditions ([M]0/[R0X]0/[Cu
II
X2/L]0/[Sn
II
(EH)2]0 = 
200/1/0.005/0.05; 90°C). 
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4.3.1.1 Variation of temperature 
As a first individual optimization pathway the use of a temperature program is investigated. For 
simplicity, a piecewise linear temperature profile is selected, consisting of 6 distinct conversion 
intervals, each of equal size (ΔXm = 0.125) with a maximal conversion of 0.75. Hence, 7 
variables, i.e. the temperatures at the interval boundaries, have to be optimized by the MOO 
algorithm per simulation. Note that in practice these conversion points should be translated into 
times for a practical realization of the off-line optimization strategy. For completeness it is 
mentioned here that also in the remainder of the text temperature/fed-batch addition programs are 
always described per conversion interval of ΔXm = 0.125. In other words, the boundary values of 
these intervals have to be determined per simulation. In the current situation of a temperature 
program, a variation between 60 and 90 °C is allowed for the 7 variables, based on literature data 
on isothermal batch ATRP of BMA 
64
. The results of the MOO are shown in Figure 4.2 (a) (green 
dots). For the sake of comparison, the Pareto-optimal front for isothermal polymerizations is also 
shown (red dots). 
It can be seen that the use of a temperature program is beneficial compared to the isothermal case. 
For example, for the synthesis of a polymer product with a Ð of 1.35, a reduction of the 
polymerization time with ca. 3 hours results when using a temperature program. The values of the 
7 variables describing the temperature program along the Pareto-optimal front are shown in 
Figure 4.2 (b). By linking this figure to Figure 4.2 (a) it follows that the final Ð decreases if the 
ARGET ATRP is started at a lower temperature and the temperature is gradually increased 
throughout the polymerization. This increased control over chain length is although accompanied 
by a longer polymerization time. This becomes more clear when selecting three illustrative cases 
along the Pareto-optimal front (case 1, 2 and 3 in Figure 4.2 (a) and (b)). For completeness, the 
116 Chapter 4 
complete temperature programs for these three cases are shown in Figure 4.2 (c). The most 
dynamic program is obtained for case 1, whereas case 2 corresponds to a less dynamic T-program 
providing a transition to the limiting case 3, in which an isothermal ARGET ATRP is conducted. 
 
Figure 4.2. Results for the multi-objective optimization (MOO) of ARGET ATRP of BMA using a 
piecewise linear temperature program (ΔXm = 0.125 until Xm = 0.75; [M]0/[R0X]0/[Cu
II
X2/L]0/[Sn
II
(EH)2]0 
= 200/1/0.005/0.05) (a) Pareto-optimal front (green circles) and corresponding isothermal front (red 
circles); (b) Variation of the temperature at the interval boundaries along the Pareto-optimal front; (c) 
Temperature as a function of Xm for three selected cases in (a); (d) Ratio of probability for propagation to 
deactivation as a function of Xm for the selected cases; (e) Probability for termination as a function of Xm 
for the selected cases 
The observed differences in polymerization time and Ð can be explained by looking at the ratio 
of the reaction probability for a macroradical to propagate and to deactivate (Pprop/Pdeac) (Figure 
4.2 (d)) on one hand and the reaction probability for a macroradical to terminate (Pterm) (Figure 
4.2 (e)) on the other hand. The former characteristic is selected since simplified models assuming 
perfect livingness have shown that the ratio of the propagation and deactivation reactivity need to 
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be sufficiently low to guarantee the incorporation of a controlled amount of monomer units 
during each activation-propagation-deactivation cycle so that a low Ð can be obtained.
1, 71
 In 
reality, a perfect livingness cannot be achieved since termination is inevitable and thus Pterm has 
to be considered as a second characteristic.
72, 73
 Note that no additional characteristics are needed 
since other side reactions can be neglected.
64
 
Figure 4.2 (d) shows that at low conversions a lower polymerization temperature clearly leads to 
a lower Pprop/Pdeac and thus a slower ARGET ATRP and a better control over chain length. This 
can be understood by noting that propagation is much more activated (23 kJ mol
-1
 in Table 4.3) 
than deactivation (8 kJ mol
-1
 in Table 4.3). The beneficial effect of these lower Pprop/Pdeac values 
on Ð is however partly counteracted by the increase of Pterm (Figure 4.2 (e)). The latter increase 
can be attributed to the as good as non-activated nature of termination and the limited importance 
on diffusional limitations on termination (Figure B.2 (a); Appendix) at these low conversions. 
This similar control over Ð at low conversions for the three cases is confirmed in Appendix 
(Figure B.1 (a)). At higher conversions both Pprop/Pdeac and Pterm (Figure 4.2 (c) and (d)) become 
very similar for the 3 cases, but still the best control results for case 1, since the suppression of 
the absolute termination rate is more pronounced (Figure B.2 (b); Appendix). Hence, with a very 
dynamic temperature program, the lowest Ð values are obtained at high conversions (Figure B.1 
(a); Appendix and Figure 4.2 (a)-(b)). 
4.3.1.2 Variation of monomer 
A second individual optimization pathway for ARGET ATRP of BMA is a fed-batch monomer 
addition program. The latter implies an increase of the reaction volume as a function of 
polymerization time. This optimization is performed at the maximal temperature of 90°C, for 
illustration purposes only. Importantly, the term overall conversion (Xm,overall) needs to be 
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introduced 
32
. This conversion is defined with respect to the initial molar amount of monomer 
used in the batch reference case (nM,0,batch): 
,
,
,0,
M reacted
m overall
M batch
n
X
n
  
(4.1) 
in which nM,reacted is the molar amount of monomer that has already reacted. This overall 
conversion thus differs from the actual or in situ conversion (Xm), which is defined with respect to 
amount of monomer added until the considered time. The overall conversion domain is divided 
into discrete subdomains of conversion increments of 0.125 until a final conversion of 0.75 is 
obtained as before. The addition profile is thus described by 7 variables, each representing the 
added fraction with respect to the corresponding initial batch amount for a given conversion 
interval. This normalization with respect to the initial batch amount implies thus an implicit 
constraint for the selected amount per conversion interval and guarantees an unbiased comparison 
of the different sets of conditions considered. For the first variable, this is the initial amount 
present, which has a lower limit of 15 mol% of the initial batch amount, whereas the other six 
variables represent the amount of monomer added in the interval. In each interval, a semi-
continuous supply of monomer at a constant molar flow rate is provided per incremental 
conversion increase of 0.0025. 
In Figure 4.3 (a), the Pareto-optimal front (green circles) is shown together with the batch 
reference case (red square), which clearly does not belong to this front, implying that an 
improvement of Ð can be obtained with a simultaneous decrease in the polymerization time. 
Close inspection reveals that with a minimal increase of the polymerization time a large 
improvement of Ð can be also accomplished, as long as Ð values above a critical value of ca. 
1.23 are targeted. Note that a decrease with ca. 0.1 for Ð corresponds to an improvement of 20% 
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of the standard deviation of the chain length distribution. A lowering of the Ð value below the 
critical value can be only obtained with a large penalty on the polymerization time, which can be 
clearly seen in the Pareto-optimal front displaying an L-shape. 
 
Figure 4.3. Results for the multi-objective optimization (MOO) of ARGET ATRP of BMA using a fed-
batch monomer program (constant molar flow rate per ΔXm,overall of 0.125 until Xm,overall = 0.75; 90°C; 
[R0X]0/[Cu
II
X2/L]0/[Sn
II
(EH)2]0 = 1/0.005/0.05; batch case: [M]0/[R0X]0 = 200) (a) Pareto-optimal front 
(green circles) and reference batch polymerization (red square); (b) Variation of the 7 variables (fraction 
monomer added initially (variable 1) and during a conversion interval (variable 2-7) along the Pareto-
optimal front; (c) Cumulative fraction of monomer added as a function of Xm,overall for three selected cases 
in (a) (d) Ratio of probability for propagation over deactivation as a function of Xm,overall for the selected 
cases; (e) Probability for termination as a function of Xm,overall for the selected cases. 
Looking at the 7 variables describing the monomer addition program (Figure 4.3 (b)) it follows 
that more starved feed conditions at low overall conversions, i.e. lower monomer concentrations 
compared with the batch reference case, and the opposite conditions at high conversion are 
beneficial for control over chain length. This is shown in particular in Figure 4.4 (a) which shows 
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the change of the monomer concentration as a function of the overall monomer conversion for 
three illustrative cases of which the corresponding evolution of the cumulative molar fraction are 
depicted in Figure 4.3 (c). As for the temperature profile, case 1 clearly corresponds to the most 
dynamic case leading to the highest level of control over chain length. 
The differences between the three cases in both objectives (Figure 4.3 (a)) can again be explained 
by looking at the evolution of Pprop/Pdeac (Figure 4.3 (d)) and Pterm (Figure 4.3 (e)). Note that the 
changes in reaction probabilities are now caused by differences in concentrations instead of 
differences in intrinsic/apparent rate coefficients. For low to intermediate overall conversions (0.1 
< Xm,overall < 0.4), very low Pprop/Pdeac values result, with the lowest ones for case 1, leading to a 
low Ð for each case (Figure B.1 (b); Appendix). This beneficial effect is however slightly 
counteracted at very low overall conversion (Xm,overall < 0.1) by higher Pterm values (Figure 4.3 (e)) 
since the radical concentration is also higher for a smaller reaction volume (Figure B.3 (a); 
Appendix). On the other hand, the counteracting effect is of limited importance at higher overall 
conversions (Xm,overall > 0.1) taking into account that the in situ conversions are high (Figure B.3 
(b); Appendix) and thus already at low overall conversions the termination probability is strongly 
reduced. Hence, on an overall basis the positive effect on Pprop/Pdeac is dominant up to 
intermediate conversions, explaining the enhanced control with the fed-batch monomer addition 
program. Moreover, due to the excellent suppression of termination reactions, it is possible to 
increase the polymerization rate at higher overall conversions, with an acceptable disturbance of 
the control over chain length. 
In particular for case 1, which is characterized by the lowest Pprop/Pdeac and Pterm values it is 
afforded to add a large amount of monomer from intermediate overall conversions onwards 
(Xm,overall > 0.4). This only leads to a limited increase of Pprop/Pdeac and a very limited increase of 
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Pterm. The latter probability is only slightly increased since the large decrease of the radical 
concentration due to dilution compensates the corresponding increase of the apparent termination 
reactivity (Figure B.3 (a)-(b); Appendix). On the other hand, it should be reminded that a lower 
radical concentration leads to a lower propagation rate and thus higher polymerization times, 
consistent with the L-shape of the Pareto-optimal front. 
 
Figure 4.4. Monomer concentration as a function of overall conversion for the three cases in (a) the 
multi-objective optimization (MOO) of ARGET ATRP of BMA using a fed-batch monomer program 
(Figure 4.3) and (b) MOO of NMP of styrene using a fed-batch monomer program (Figure 4.8). 
4.3.1.3 Variation of reducing agent 
A final individual optimization pathway that is explored for the ARGET ATRP case study is the 
fed-batch addition of reducing agent. The total amount of reducing agent added is taken equal to 
the batch amount and is the same as used in the aforementioned simulations. Again a constant 
temperature of 90°C is chosen. The addition profile is described by 7 variables, again per 
conversion increment of 0.125. The first variable represents the fraction of the initial batch 
amount present at the start of the ARGET ATRP. The 6 remaining variables are the fractions of 
the initial batch amount added during an interval in a continuous manner at a constant molar flow 
rate. 
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The results (Figure 4.5 (a)) show that also in this case a trade-off between both objectives results 
in an L-shaped Pareto-optimal front. The values of the 7 variables, along the Pareto-optimal front, 
are shown in Figure 4.5 (b). From this figure it can be concluded that the fastest polymerization 
time is equal to the batch case. A lower initial fraction of reducing agent leads to a higher 
polymerization time, but lower Ð. Throughout the remainder of the polymerization smaller feed 
rates at low to intermediate conversion also lead to longer polymerization times and lower 
dispersities, whereas feeding the reducing agent at low conversions results in a faster 
polymerization but higher Ð. 
The feeding profiles as a function of conversion for three illustrative cases are shown in Figure 
4.5 (c). To explain the variation in the objectives the reaction probabilities are shown in Figure 
4.5 (e)-(d). Looking at Pprop/Pdeac (Figure 4.5 (d)), it can be seen that very limited differences can 
be observed, this in contrast to the application of a temperature and fed-batch monomer program. 
On the other hand, Figure 4.5 (e) shows that for case 1 (long polymerization time, low Ð; Figure 
B.1 (c); Appendix) Pterm is practically zero for conversions lower than 0.5 and thus a good control 
over chain length can be obtained with a fed-batch addition of reducing agent. This is due to a 
very low radical concentration (Figure B.4; Appendix) since the reducing agent, needed for the 
reduction of a deactivator species, is only brought into the reaction mixture very slowly. This 
logically also leads to a decrease of the polymerization rate. 
It can be concluded that the underlying reason of the examined individual optimization pathways 
can be different, as they can affect the reaction rates differently. Hence, additional improvement 
can be expected for specific combinations of individual optimization paths. This conjecture is 
explored in the next subsection. 
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Figure 4.5. Results for the multi-objective optimization (MOO) of ARGET ATRP of MBA using a fed-
batch reducing agent program (constant molar flow rate per ΔXm = 0.125 until Xm = 0.75; 
[M]0/[R0X]0/[Cu
II
X2/L]0= 200/1/0.005; 90°C: batch case: [R0X]0/[Sn
II
(EH)2]0=0.05) (a) Pareto-optimal 
front (greencircles) and reference batch case (red square); (b) Variation of the 7 variables (fraction 
reducing agent added initially (variable 1) and during a certain conversion interval (variable 2-6)) along 
the Pareto-optimal front; (c) Cumulative fraction of reducing agent added as a function of Xm for three 
selected cases in (a); (d) Ratio of probability of propagation to deactivation as a function of Xm for the 
selected cases; (e) Probability for termination as a function of Xm for the selected cases. 
4.3.1.4 Simultaneous variation of different process conditions 
In this subsection, a comparison between the different individual optimization pathways and 
combinations of these individual pathways are explored. The results of the individual 
optimizations and only the combinations leading to an improvement of the Pareto-optimal front 
(with respect to the individual optimizations) are shown in Figure 4.6. This figure shows that 
applying a fed-batch monomer program results in a Pareto-optimal front that dominates the 
Pareto-optimal fronts of the other two individual pathways, i.e. applying a temperature program 
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and fed-batch reducing agent program. Only two combinations lead to a synergetic effect. A first 
one is the combination of a fed-batch reducing agent program with a temperature program. An 
even more synergetic pathway is the combination of a fed-batch monomer and reducing agent 
addition program. In other words, combination of a temperature program with a fed-batch 
monomer program and combinations of all three do not result in a significant improvement of the 
Pareto-optimal front. 
 
Figure 4.6. Comparison between multi-objective optimization (MOO) results of the different individual 
optimization pathways: fed-batch addition of reducing agent (R
II
) (teal; Figure 4.5 (a)), temperature 
program (T) (green; Figure 4.2 (a)), fed-batch addition of monomer (M) (blue; Figure 4.3 (a)), the 
synergetic combination of temperature program and fed-batch addition of reducing agent (grey), and the 
synergetic combination of fed-batch addition of monomer and reducing agent (red). 
To understand the improvement of the two synergetic cases, it is necessary to fully understand the 
differences of the individual optimization pathways, as previously discussed. For the temperature 
and the fed-batch monomer program, it was explained that both pathways lead at lower (overall) 
conversions to a lowered Pprop/Pdeac, i.e. to a decrease in the average number of monomer units 
added per activation-growth-deactivation cycle. However, the beneficial effect on the Ð profiles 
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was partly diminished due to a higher Pterm. Applying a fed-batch reducing agent program leads 
on the other hand to a reduction of Pterm at lower conversion, but hardly influences Pprop/Pdeac. 
Hence, it can be understood that combining the latter with a temperature or fed-batch monomer 
program leads to an improved Pareto-optimal front. In contrast, combining a temperature and fed-
batch monomer program only results in a very limited improvement since both rely on 
suppressing/favoring the same reactions, which is also confirmed by the MOO. 
4.3.2 Multi-objective optimization of NMP 
The second case study involves the MOO of NMP of styrene initiated by MAMA-SG1 to 
optimize the process with respect to polymerization time, livingness and dispersity, i.e. 3 
objectives are now considered. Several individual optimization pathways are again explored, 
namely optimization via a temperature program, fed-batch monomer addition, and fed-batch 
addition of free nitroxide, the persistent radical. Also the combination of optimization pathways is 
again examined. As before, for all optimizations considered, a constraint on the polymerization 
time of maximum 50 hours is imposed. The conditions, [M]0/[R0X]0 = 1000/1 (120°C), are taken 
as batch reference conditions. 
4.3.2.1 Variation of temperature 
As a first optimization pathway the use of a temperature program is again investigated. The 
temperature program is described in the same way as with the MOO of ARGET ATRP. The 7 
variables are now allowed to vary between 80 and 120 °C, based on literature data for the 
isothermal batch NMP of styrene.
61
 The corresponding results are shown in Figure 4.7, 
considering three objectives, namely time, Ð, and EGF. For completeness it is mentioned here 
that a quasi-identical Pareto-optimal front is obtained in case only two objectives are selected 
(e.g. time and Ð; Figure B.5; Appendix). However, for decision making toward a preferred 
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operation point it is more suited to focus on the MOO case with three objectives (see Figure 4.7 
(a)), taking into account that the EGF now varies significantly along the Pareto-optimal front. For 
isothermal NMP, the Pareto-optimal front is also shown in Figure 4.7 (a). Clearly, this front is not 
a subset of the Pareto-optimal front of the temperature program optimization. This means that a 
non-isothermal temperature program is always beneficial compared to the classical isothermal 
case. 
From Figure 4.7 (b), which shows the variation of the temperature at the seven distinct 
conversions, it can be concluded that to find optimal trade-offs between the three objectives, a 
more complex temperature profile should be applied. This is also confirmed in Figure 4.7 (c), 
which displays the actual change of the temperature with conversion for three illustrative cases. 
The cases differ in the extent of their non-isothermicity but all start with a lower polymerization 
temperature. For the third case, which results in the lowest batch time but leads to the highest Ð 
and lowest EGF, the temperature is maintained at the upper limit temperature throughout the 
major part of the polymerization and thus the isothermal case of 120°C is mimicked to a certain 
extent. In contrast, for the other two cases, which lead to a higher control over the NMP, the 
temperature is initially at its lower limit value, after which it is increased until a conversion of 
0.125 is reached. Hereafter the temperature is lowered until a conversion of 0.25 results. Only at 
high conversion (Xm > 0.60) the temperature is significantly increased toward the maximum value 
and thus a strongly non-isothermal temperature profiles is established, in particular for the first 
case. 
These at first sight counterintuitive trends in the temperature programs can be rationalized by 
considering the relative changes of the key reaction probabilities. As with the ARGET ATRP 
case, Pprop/Pdeac (Figure 4.7 (d)) as well as Pterm (Figure 4.7 (e)) play an important role in the 
Chapter 4 127 
 
 
obtained microstructural control. As explained above, the lower Pprop/Pdeac, the smaller the 
average number of monomer units incorporated per activation-growth-deactivation cycle and, 
hence, the lower the Ð value. A higher Pterm leads to an increase in Ð but also to a lowering of 
EGF. In the case of the NMP of styrene, the reaction probability for chain transfer to dimer (PtrD; 
(Figure 4.7 (f)) needs also to be considered, specifically at elevated temperature.
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Figure 4.7. Results for the multi-objective optimization (MOO) of NMP of styrene using a piecewise linear 
temperature program (ΔXm = 0.125 until Xm = 0.75; ([M]0/[R0X]0 = 1000/1) (a) Pareto-optimal front and 
corresponding isothermal front; (b) Variation of the temperature at the interval boundaries along the 
Pareto-optimal front; (c) Temperature as a function of Xm for three selected cases; (d) Ratio of probability 
for propagation over deactivation as a function of Xm for the selected cases; (e) Probability for 
termination; (f) Probability for transfer to dimer as a function of Xm. 
At low conversion, the beneficial effect of starting with a lower temperature has already been 
explained in Fierens et al. 
61
 in which an isothermal NMP (120°C) was compared with a NMP 
conducted using a stepwise temperature profile with a lower initial temperature aiming to obtain a 
conversion of Xm of 0.75 within the same polymerization time as the isothermal case. With the 
stepwise profile less termination is occurring in the early stage of the NMP, leading to a less 
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dramatic manifestation of the persistent radical effect. This is confirmed in Figure 4.7 (e) in 
which Pterm is clearly lowered and thus EGF is increased when starting at a lower initial 
temperature (decreasing temperature for case 3, 2 and 1). On the other hand, at these low 
conversions, Pprop/Pdeac and PtrD are higher compared to the quasi-isothermal case 3, leading to 
higher initial Ð values (Figure B.6 (a); Appendix) for case 1 and 2. From intermediate 
conversions onwards, in contrast, lowering the polymerization temperature is beneficial for the 
evolution of Ð and EGF. This can be explained by looking at the pronounced change of PtrD 
(Figure 4.7 (f)). The lower temperature in case 2 and 3 for intermediate conversions suppresses 
the influence of the chain transfer to dimer, leading to the observed better control over Ð and 
EGF. On the one hand, less dimer is formed via thermal auto-initiation and on the other hand 
chain transfer to dimer is suppressed, taking into account its relatively high activation energy (28 
kJ mol
-1 
in Table 4.3). This, obviously, also leads to a decreased polymerization rate. Note that 
the increase of the temperature at the higher conversions (Figure 4.7 (c)) does not result in a 
severe penalty on the relevance of chain transfer to dimer (Figure 4.7 (f)) since the dimer 
concentration (Figure B.7 (a); Appendix) is already significantly decreased. This temperature 
increase will increase the polymerization rate. However, still a relatively slow NMP is obtained 
on an overall basis if a dynamic temperature profile is considered. 
4.3.2.2 Monomer addition 
A second optimization pathway for the NMP of styrene is the fed-batch addition of monomer. A 
constant temperature of 120°C is considered for illustration purposes. Again the overall 
conversion domain is divided into discrete subdomains of conversion increments of 0.125. The 
addition profile is again described by 7 variables, each representing the added fraction with 
respect to the corresponding initial batch amount. The initial fraction present has now a lower 
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limit of 10 mol%. Note that this monomer addition approach can be seen as an extension of the 
work of Bentein et al. 
62
 in which fixed small amounts of monomer were added for the NMP of 
styrene, using phenylethyl-SG1 as NMP initiator. 
As can be seen in Figure 4.8 (a), fed-batch monomer addition results in an improvement 
compared to the batch case. Looking at the value of each variable along the Pareto-optimal front 
(Figure 4.8 (b)) some trends can be observed. It is beneficial to start the NMP with a low amount 
of monomer after which the remainder of the initial batch amount monomer is added 
continuously. As for the temperature variation, a more complex profile allows a higher level of 
control. Selecting again three illustrative cases, this becomes more clear when considering the 
explicit variation of the cumulative amount of monomer added with overall conversion (Figure 
4.8 (c)). The corresponding monomer concentration profiles are provided in Figure 4.4 (b). For 
case 3, the total amount of monomer is already added in the first interval, leading to a high 
monomer concentration and a high polymerization rate but also to a higher Ð and a lower EGF. 
For the other two cases, the addition of the remainder monomer amount occurs throughout the 
whole NMP. With the most starved-feed monomer conditions (case 1) the highest degree of 
control is obtained despite an increase in polymerization time. 
At low conversions, the beneficial effect of starting with a low initial amount of monomer can be 
partially linked to Pprop/Pdeac (Figure 4.8 (d)). This ratio is the lowest for case 1 where on average 
a lower amount of monomer is incorporated in each activation-growth-deactivation cycle, already 
from low conversion onwards. In other words, the initial spike in the Ð profile (Figure B.6 (b); 
Appendix) is lower and Ð declines to a lower value since controlled conditions are already 
obtained at a lower conversion. Additionally, the improved control can be related to the positive 
evolution of Pterm (Figure 4.8 (e)) and PtrD (Figure 4.8 (f)). It is important to mention that case 1 
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has the highest living macroradical concentration of the three cases considered. Nevertheless, the 
rate of termination is the lowest since termination reactions are more diffusion controlled 
throughout the NMP. In case 1, the in situ conversion is namely very high (≈ 0.9) for the largest 
part of the polymerization (Figure B.8 (a); Appendix) and diffusional limitations are more 
pronounced, explaining the lower Pterm values.  
 
Figure 4.8. Results for the multi-objective optimization (MOO) of NMP of styrene (120°C) using a fed-
batch monomer program (constant molar flow rate per ΔXm,overall of 0.125 until Xm,overall = 0.75; 
[M]0/[R0X]0= 1000/1) (a) Pareto-optimal front and corresponding isothermal front; (b) Variation of the 7 
variables (fraction monomer added initially (variable 1) and during a conversion interval (variable 2-7) 
along the Pareto-optimal front; (c) Cumulative fraction of monomer added as a function of Xm,overall for 
three selected cases; (d) Ratio of probability for propagation to deactivation as a function of Xm,overall for 
the selected cases; (e) Probability for termination as a function of Xm,overall for the selected cases; (f) 
Probability for chain transfer to dimer as a function of Xm,overall for the selected cases. 
The reduced importance of chain transfer to dimer can be understood by looking closely at the 
dimer formation in which two monomer molecules need to undergo a Diels-Alder reaction. If a 
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fed-batch monomer addition program is applied, especially under starved feed conditions, i.e. 
case 1 and case 2, the monomer concentration is kept low (Figure 4.4 (b)), thereby strongly 
reducing the dimer concentration (Figure B.8 (b); Appendix) and thus also lowering PtrD. 
3.2.1. Variation of initial nitroxide loading 
The beneficial influence of an excess of nitroxide with respect to NMP initiator, has already been 
discussed in literature.
39, 44, 75
 Therefore, as a third possibility to optimize the NMP 
characteristics, the addition of nitroxide at the start of the polymerization is investigated. To stay 
within representative NMP conditions, the maximum initial ratio of nitroxide (X) to NMP 
initiator (R0X) has been limited to 0.5. Again a constant polymerization temperature of 120°C is 
selected. For completeness it is mentioned here that also a MOO was performed with a nitroxide 
fed-batch addition program. However, this optimization revealed that the Pareto-optimal front 
only consists of points in which the total amount of nitroxide is added at the start of the 
polymerization, explaining why the initial loading was finally taken up as the only variable. 
The Pareto-optimal front considering three objectives (time, Ð, and EGF) is given in Figure 4.9 
(a). The corresponding variation of the initial molar ratio of nitroxide to NMP initiator is 
provided in Figure 4.9 (b). When an excess of nitroxide is initially present, termination is already 
strongly suppressed from the start of the NMP and almost no build-up of nitroxide is needed to 
create a sufficient high concentration of nitroxide species (Figure 4.9 (d)). This can also be 
inferred from Figure 4.9 (c) in which Pprop/Pdeac is plotted as a function of conversion. At the 
initial stage, excess nitroxide leads to a sharp decrease in this ratio, since deactivation reactions 
are favored from the beginning of the polymerization, and thus the Ð profile falls back to a much 
lower value from an early stage in the polymerization (Figure B.6 (c); Appendix). The beneficial 
effect is however counteracted at higher conversions by the higher importance of the chain 
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transfer to dimer reaction (Figure 4.9 (e)) leading to a rise in the Ð profile as a function of 
conversion. This higher importance can be related to the higher impact of radical generation via 
thermal initiation (Figure B.9 (a); Appendix), since a lower polymerization rates allows an 
increase of the dimer concentration (Figure B.9 (b); Appendix) during a significant period. 
Hence, the concentration of both reactants for chain transfer to dimer increases in such way that 
PtrD increases, explaining the observed Ð profiles. 
 
Figure 4.9. Results for the multi-objective optimization (MOO) of NMP of styrene (120°C) using excess 
initial nitroxide (ΔXm = 0.125 until Xm = 0.75; ([M]0/[R0X]0= 1000/1) (a) Pareto-optimal front and 
corresponding isothermal front; (b) Variation of [X]0/[R0X]0 along the Pareto-optimal front; (c) Ratio of 
probability for propagation to deactivation as a function of conversion for the selected cases; (d) 
Probability for termination as a function of Xm for the selected cases; (e) Probability for chain transfer to 
dimer as a function of Xm for the selected cases. 
It should be stressed that overall still a large improvement of the Ð can be obtained with a relative 
small penalty in polymerization time, as witnessed from the L-shape of the Pareto-optimal front 
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(Figure 4.9 (a)). This result is corroborated by the reported observation that a small addition of 
nitroxide (< 10mol%) is beneficial for NMP processes in general, and that higher amounts 
decrease the polymerization rate excessively.
39
 
4.3.2.3 Simultaneous variation of different process conditions 
In a final step, combinations of the aforementioned individual pathways are explored, considering 
the most complex case of the three objectives time, Ð and EGF. The most interesting 
combinations of these advanced MOO simulations are shown in Figure 4.10, accompanied by the 
MOO fronts obtained via a single variation. To avoid misinterpretation, the Pareto optimal front 
is depicted twice using the time as the common objective. Looking only at the result of the 
individual optimization pathways it can be seen that applying a temperature program can be 
considered the best option with respect to all three objectives. 
Further inspection shows that combination of a fed-batch monomer addition and an initial excess 
amount of nitroxide (yellow dots) is strongly synergetic, leading to a much improved Pareto-
optimal front compared to the individual cases (green and red circles), especially for Ð (Figure 
4.10(a)). This synergetic effect is due to positive effect of the initial presence of the free nitroxide 
which leads to a strongly decreased Pprop/Pdeac and thus a lower Ð from low conversions onwards. 
Moreover, fed-batch addition of monomer additionally allows to suppress chain transfer to dimer 
reactions, which cannot be achieved if the nitroxide loading is the only variable, as explained in 
the previous subsection. 
Finally, it follows that the combination of a temperature profile with a fed-batch monomer 
addition (purple dots) leads to Pareto-optimal fronts that cannot be represented by a single line, 
taking into account the 2D representation. This is a direct consequence of the definition of Pareto-
optimality in which only improvement in one objective is needed, i.e. the simultaneous 
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improvement of both EGF and Ð is not strictly demanded. Hence, depending on the actual RDRP 
product requirements, it follows that a certain combination will be seen as suitable are not. 
 
Figure 4.10. Comparison between multi-objective optimization (MOO) results of NMP of styrene for the 
different individual optimization pathways: temperature program (T) (blue; Figure 4.7 (a)), fed-batch 
addition of monomer (M) (green; Figure 4.8 (a)), excess initial nitroxide (Xini) (red; Figure 4.9 (a)), the 
synergetic combination of temperature program and fed-batch monomer addition (purple), the synergetic 
combination of fed-batch addition of monomer and excess initial nitroxide (grey) (a) projection for 
objective 1 (Ð) and objective 2 (time), and (b) projection for objective 3 (EGF) and objective 2 (time). 
4.4 Conclusions 
For the first time, Pareto-optimal fronts have been determined for two important reversible 
deactivation radical polymerization (RDRP) techniques, i.e. activators regenerated electron 
transfer atom transfer radical polymerization (ARGET ATRP) and nitroxide mediated 
polymerization (NMP). For the simulations, the NSGA-II algorithm has been successfully 
implemented and combined with literature kinetic models. Diffusional limitations are accounted 
for on termination using a composite kt-model. As design variables the temperature, and molar 
amounts of the involved species have been considered per conversion interval of 0.125, until a 
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conversion of 0.75 is reached. A distinction is made between 2-dimensional multi-objective 
optimization (MOO) for ARGET ATRP of BMA with as objectives time and Ð, and 3-
dimensional MOO for NMP of styrene with as objectives time, Ð, and EGF. 
In both RDRPs, the conditions belonging to the Pareto-optimal front perform better than the 
corresponding isothermal or batch conditions. In particular, significant gain in time is obtained 
for a given control over the RDRP. A typical Pareto-optimal front is L-shaped, implying that 
control can be improved without a significant penalty on time up to a critical Ð. 
For ARGET ATRP of BMA, the strongest improvement for individual optimization pathways is 
obtained if a fed-batch addition of monomer is performed. Further improvement is obtained in 
case a combination of two optimization pathways is allowed. The most promising results are 
obtained when either a temperate program is combined with a fed-batch addition of reducing 
agent or a fed-batch addition of monomer is combined with a fed-batch addition of reducing 
agent. This can be explained by analyzing the reaction probabilities for the radical species. Fed-
batch addition of a reducing agent allows to lower the termination reaction probability, whereas 
fed-batch addition of monomer and a temperature program allow to decrease the propagation to 
deactivation reaction probability which ensures a more controlled incorporation of monomer units 
per activation-growth-deactivation cycle on an average basis. 
For NMP of styrene, considering individual optimization paths, a temperature program is the 
most suited, as it allows to suppress termination at low conversion, to decrease the propagation to 
deactivation reaction probability and to avoid a dominant occurrence of chain transfer to dimer at 
high conversion. A combination with fed-batch addition of monomer or a non-zero initial 
deactivator concentration allows further improvement. The former combination does however not 
automatically implies a simultaneous improvement in EGF and Ð. 
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Finally, it should be stressed that although NMP and ARGET ATRP are vastly different, it has 
been demonstrated that the road to maximize their potential consists of the common themes of 
optimizing the RDRP initiation process, mediating the activation/growth/deactivation cycles and 
suppressing termination and chain transfer reactions. 
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Chapter 5. Model-based design to push the boundaries of sequence-control 
Summary 
An innovative model-based design strategy to synthesize well-defined sequence-controlled 
polymers is presented, enabling selection of both the most appropriate mediating agent and 
reaction conditions. In combination with experimental analysis, advanced kinetic Monte Carlo 
simulations are conducted allowing a visualization of the connectivity of all monomer units of ca. 
10
5
 individual copolymer chains. The product quality can therefore be uniquely and 
unambiguously predicted for the first time at the molecular level, explicitly accounting for chain-
to-chain deviations. The strategy is illustrated for BlocBuilder MA initiated nitroxide mediated 
polymerization, with styrene and N-benzyl maleimide as comomomers, and is generally 
applicable for all reversible deactivation radical polymerization (RDRP) techniques. Further 
design of the nitroxide mediating capabilities and the reaction conditions allows the realization of 
a targeted (multi)functionalization pattern, including an increase of the contribution of 
trifunctionalized chains above 75%. The reported results are interpreted in terms of the individual 
activation-growth-deactivation cycles and provide an unprecedented mechanistic understanding 
of RDRP in general. This work was published in Macromolecules 2016, 49, 9336-9344. 
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5.1 Introduction 
One of the key challenges for future polymer synthesis is the capability to place functional 
monomer units according to a specific pattern in each chain.
1-6
 Such precision control opens the 
way for the design of highly organized structured materials that can be folded or self-assembled 
into well-defined nanoscale morphologies.
1, 3, 4, 7-9
 In particular, sequence-controlled polymers in 
which functionality is incorporated at specific local regions (e.g. blue, red, and green region in 
Figure 5.1a) have already permitted advanced macromolecular engineering opportunities, 
ultimately leading to enhanced macroscopic properties of the final polymeric materials.
10-12
 
 
Figure 5.1. a) Synthesis strategy for sequence-controlled polymers: sequential addition of three functional 
N-substituted maleimides via BlocBuilder MA initiated nitroxide mediated polymerization (NMP) of 
styrene; b) Principle of NMP with R0X as initiator; (d)a,p,t: (de)activation, propagation, termination; 0: 
NMP initiator related. 
With the advent of reversible deactivation radical polymerization (RDRP)
13-20
 or controlled 
radical polymerization (CRP) it has become possible to synthesize a wide range of sequence-
controlled polymers by selecting appropriate comonomer pairs, consisting of an electron-donor 
and -acceptor comonomer.
1, 21-23
 Such pairs strongly facilitate cross-propagation and therefore 
allow the local functionalization of copolymer chains via a variety of RDRP agents, including 
transitional metal complexes as in atom transfer radical polymerization (ATRP), nitroxides as in 
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nitroxide mediated polymerization (NMP), and thiocarbonylthio moieties as in reversible addition 
fragmentation chain transfer (RAFT) polymerization.
21, 23-26
 Specifically, for NMP significant 
focus has been on BlocBuilder MA initiated polymerization of styrene with small amounts of N-
substituted maleimides.
15, 27, 28
 The principle of NMP is depicted in Figure 5.1b. Upon activation 
of alkoxyamine dormant species (RiX; i ≥0, NMP initiator: i=0), active (macro)radicals (Ri; i ≥0) 
and persistent nitroxide radicals (X) are released. The formed (macro)radicals take up a controlled 
number of monomer units before they are quickly deactivated to their dormant form upon 
reversible recombination with X species. Thanks to the persistent radical effect,
29-31
 in which a 
substantial accumulation of X species takes place at very low reaction times, the impact of 
unwanted termination reactions is minimized and thus a high end-group functionality can be 
ensured.
32-35
 For a fast NMP initiation, the dispersity (Ð) can be brought well below 1.3 with a 
number average chain length (xn) determined by the initial NMP initiator amount. 
Based on comonomer conversion data, Pfeifer et al.
21
 have shown that N-substituted maleimides 
can be successfully incorporated at specific regions during RDRP of styrene, at least on an 
average basis. The natural and paramount question that arises is whether this excellent average 
microstructural control can also be realized for all individual polymer chains. Since RDRP 
techniques are stochastic processes, it can be expected that significant intermolecular deviations 
exist, as already highlighted theoretically for ideal chain-growth mechanisms, assuming e.g. the 
absence of termination reactions.
36
 In contrast, for detailed RDRP reaction schemes, no kinetic 
studies have been conducted aiming at the characterization of the monomer placement in each 
individual chain of a sequence controlled polymer. 
In the present work, it is demonstrated that combining advanced kinetic Monte Carlo (kMC) 
simulations and experimental analysis, is the recommended tool to (i) unambiguously evaluate 
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the product quality of sequence-controlled polymers and (ii) to facilitate the screening of the most 
suited reaction conditions and reactants for the synthesis of high quality sequence-controlled 
polymers. The presented combined modeling and experimental design strategy is exemplified for 
NMP of styrene with small amounts of N-benzylmaleimide (BzMI), including a successful 
model-based design for the nitroxide choice and comonomer addition programs. The results are 
interpreted for the first time based on the individual activation-growth-deactivation cycles along 
the NMP and allow to conclude that currently SG1 is the most suited nitroxide for NMP 
synthesized sequence-controlled polymers. 
5.2 Experimental procedure and analysis 
5.2.1 Materials 
BlocBuilder MA (Arkema, 97%; aka MAMA-SG1), N-benzylmaleimide (Alfa Aesar, 99%), 
anisole (Sigma Aldrich, 99%), tetrahydrofuran (Sigma Aldrich, 99.8% HPLC, stabilizer-free), 
and chloroform-d (Sigma Aldrich, 99.8%) were all used as received. Styrene (Sigma Aldrich, 
> 99%) was distilled over CaH2 (90-95%) under reduced pressure and stored under argon 
atmosphere at -15°C. 
5.2.2 NMP synthesis and analysis 
The desired amount of BlocBuilder MA (R0X) was weighed into a 25 mL flask, after which a 
magnetic stirrer was added and the flask was sealed off using a septum, degassed, and filled with 
argon. Next, deoxygenated inhibitor-free styrene (5 mL) was added to the flask using a degassed 
syringe, after which the mixture was purged with argon for 30 minutes. The flask was then 
submerged into a preheated oil bath thermostated at the reaction temperature (120°C). At a given 
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time, 0.5 mL BzMI solution (1 eq. with respect to R0X; solvent: anisole) was added, using a 
degassed syringe. This solution was previously purged with argon for 30 minutes. 
Samples were withdrawn periodically, using a degassed syringe and analyzed with size exclusion 
chromatography (SEC) and 
1
H nuclear magnetic resonance (NMR; further details see Appendix). 
5.3 Kinetic model 
For MAMA-SG1 initiated NMP of styrene and BzMI (R0X: BlocBuilder; 120 °C), the 
incorporation of all comonomer units for each individual chain of a representative polymer 
sample (e.g. 100,000 chains) is explicitly tracked via advanced matrix-based kinetic Monte Carlo 
(kMC) simulations.
37-39
 Hence, the exact location of the styrene and functional BzMI monomer 
units in each chain is known at any time, allowing an unbiased quality labeling for precision 
control and in particular a quantification of the functionalization efficiency. The kMC model has 
been validated by benchmarking with measurable average NMP characteristics such as 
comonomer conversion and Ð data (see further). 
To properly represent the NMP kinetics, a detailed reaction scheme (full details provided in 
Appendix) is considered with NMP (de)activation, propagation, and termination by 
recombination as the core reactions. Thermal self-initiation, according to the Mayo-mechanism,
40
 
and chain transfer to monomer and dimer are also included, as they can affect the microstructural 
control at high temperature (> 100 °C) and for the higher chain lenghts.
41-43
 Transfer reactions 
with the SG1 nitroxide and chain transfer to polymer are neglected based on previous kinetic 
studies.
44, 45
 
To calculate the rate coefficients a terminal model is used. At first sight it could although be 
expected that a penultimate model is necessary. For example, Klumperman et al.
46, 47
 have 
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indicated a penultimate unit effect for the conventional copolymerization of styrene and maleic 
anhydride, which is also a donor-acceptor comonomer pair displaying high cross-propagation rate 
coefficients. However, as shown in detail in the Appendix, for the typical conditions for the 
synthesis of sequence controlled polymers and the considered comonomer pair in the present 
work, the deviations between the terminal and penultimate model are very limited, both for the 
average properties and those for each individual chain. Hence, to a first approximation, it is 
afforded to consider a terminal model. Furthermore, (de)activation reactions involving 
macrospecies with terminal BzMI units have been neglected as these are kinetically insignificant 
under the typically applied sequence-controlled polymerization conditions (see Figure C.2 in 
Appendix). All rate coefficients are based on literature data (see Appendix), as obtained via 
dedicated experimental analysis, further highlighting the accuracy of the kMC simulations. 
The simulations fundamentally account for the viscosity change along the polymerization, 
leading to diffusional limitations on termination and thus lower observed termination reactivities 
at higher reaction times (diffusion parameters: see Appendix).
48-51
 Only by explicitly accounting 
for this viscosity change, a joint accurate simulation of the comonomer conversion profiles as 
well as the preservation of end-group functionality becomes possible.
35, 49
 Diffusional limitations 
on the NMP activation deactivation process can be ignored, as the regime of very high viscosities 
is not considered.
49
 
5.4 Results and discussion 
5.4.1 Model validation 
The strength of the presented model-based design strategy relies on the accurate representation of 
the NMP kinetics for the synthesis of sequence-controlled polymers. This not only requires the 
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consideration of a detailed kinetic model, properly reflecting the complex interplay between 
chemical and diffusion phenomena, but also a validation with experimental data wherever 
possible. 
 
Figure 5.2. Experimental (points) and simulated (lines) a) styrene conversion (Xsty) as a function of time, 
b) benzylmaleimide conversion (XBzMI) as a function of time elapsed since addition point of BzMI (addition 
points: see arrows in a)), c) dispersity (Ð) as a function of Xsty; NMP of styrene and BzMI initiated by 
BlocBuilder MA at 120°C with [Sty]0:[R0X]0:[BzMI]addition point = 50:1:1. 
Therefore, a series of NMP experiments has been first conducted with different BzMI addition 
points (Figure 5.2a: arrows at styrene conversion (Xsty) of 0.11, 0.22, and 0.62). A polymerization 
temperature of 120°C has been selected to ensure a high polymer yield for sufficiently low 
reaction times (< 3 hours). One equivalent of BzMl, as defined with respect to the NMP initiator 
(BlocBuilder MA), has been used, based on the first experimental studies.
21
 
To allow for a reliable NMR integration for the measurement of the comonomer conversions the 
initial molar amount of styrene has been limited ([Sty]0:[R0X]0=50:1). Figure 5.2 shows a 
comparison of the experimental and simulations results, considering the comonomer conversion 
profiles and the evolution of Ð with increasing Xsty. Clearly, the description of the experimental 
data is excellent. Importantly, the BzMI consumptions, which are limited to small time spans (ca. 
25 minutes), are well-described (XBzMI profiles; Figure 5.2b). Also for the dispersities a good 
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match between the simulated and experimental results (Figure 5.2c) is obtained. The latter is an 
important prerequisite to accurately describe the BzMI placement in the individual polymer 
chains (see further). Hence, the kMC model can be reliably used to obtain additional 
microstructural information on the molecular level and to perform model-based design (see next 
subsections), keeping in mind that its parameters have been reliably determined via dedicated 
kinetic analysis (see Appendix). 
5.4.2 Placement and distribution of the functionalities along individual chains 
Figure 5.3a displays, at Xsty=0.8, the actual positions at which BzMI units (blue rectangles) are 
incorporated in the chains, for a random selection of ca. 500 macrospecies out of a representative 
polymer sample of ca. 100,000 chains. BzMI (still 1 eq.) has been injected at Xsty=0.4. To allow 
for an easy and direct interpretation of the simulation results, [Sty]0:[R0X]0 is now doubled to 
100:1, implying that ideally every chain should possess a BzMI unit at an absolute position of 41. 
This design target is also represented by the blue dashed line in Figure 5.3a with for the sake of 
comparison a beige dashed line indicating the targeted xn of 81 for the final Xsty of 0.8. At the top 
part of Figure 5.3a, the dead polymer chains, mainly formed due to inevitable terminations, are 
displayed separately.
33
 Their impact on the overall NMP characteristics is however limited, as 
they form the minority of the chain population (end-group functionality of 0.93). 
The majority of the chains are thus dormant, although their actual composition strongly varies 
from chain to chain. First, both too short and too long dormant chains exist (Figure 5.3a), despite 
that the dispersity (Ð) amounts to 1.10. Next to that a significant amount of dormant chains does 
not contain any functional monomer unit (no blue rectangle) or possesses several of those units 
(multiple blue rectangles). The latter becomes more clear upon post-processing of the 
computational results, in which the performance of each chain of the entire polymer sample (ca. 
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100,000 chains) can be explicitly evaluated. As shown in Figure 5.3b (blue bars), ca. 45% of the 
chains lack functionality, whereas ca. 30% of the chains contain only 1 BzMl unit. Thus, the 
remaining ca. 25% of the chains can be considered as overfunctionalized, i.e. they contain more 
than 1 BzMI unit. A mean average (μ) value of 1.03 BzMI units per chain results, indicating a 
reasonable average degree of functionalization for the selected NMP system and conditions. Note 
that these observations somewhat differ from previously reported results for RDRP synthesized 
BzMI functionalized polystyrene. For example, based on matrix-assisted laser 
desorption/ionization-time of flight mass spectroscopy (MALDI-TOF MS), it has been reported 
that only 10% of the polymer chains is nonfunctionalized under ATRP conditions (catalyst: 
Cu(I)Br/dNbipy (dNbipy: 4,4'-di-5-nonyl-2,2'-bipyridine)) with similar comonomer molar ratios 
as in this work.
23, 52
 However, as previously underlined and also confirmed via theoretical 
calculations,
23, 36
 these MALDI-TOF measurements probably underestimate the contribution of 
nonfunctionalized chains, due to the effect of the polar maleimide unit on the ionization 
selectivity of the sample. 
As shown in Figure 5.3c (blue line), a reasonable microstructural control is obtained over the 
actual BzMl placement(s) per macrospecies, i.e. the absolute position(s) of the functional 
monomer unit(s) in the chains, as most conveniently defined with respect to the NMP initiator 
fragment (α-functionalization). This absolute control is one of the most stringent design criteria in 
precision polymer synthesis. It can be seen in Figure 5.3c that the BzMI-unit is on average 
incorporated at an absolute position equal to 48. This is higher than the expected value of 41, due 
to parallel styrene consumption during the incorporation period of the BzMI monomer (cf. Figure 
5.2b). A relatively broad distribution of the functional monomer unit placement (standard 
deviation (σ) = 15 monomer units) is obtained, with 90% of the functional monomer incorporated 
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in the chains between an absolute position of 26 and 75 (non-colored region for blue line in 
Figure 5.3c). 
 
Figure 5.3. a) Explicit in silico visualization of microstructure for each individual copolymer chain (ca. 
500 out a representative polymer sample of 100,000 chains), b) number fraction of chains with a given 
number BzMI units, c) number fraction of BzMI units at absolute (blue line) and relative (green dashed 
line) positions in the chain, d) number fraction of activation-deactivation cycles as a function of number of 
propagations with relative contribution of styrene and BzMI indicated for Xsty interval from 0.40 to 0.45; 
NMP of styrene and BzMI initiated by BlocBuilder MA (R0X) at 120°C ([Sty]0:[R0X]0:[BzMI]addition 
point=100:1:eq.;eq. defined with respect to R0X; addition point: Xsty=0.4); xn: number average chain 
length; targeted relative position of 0.51; average chain length characteristics benchmarked via 
experimental data (cf. Figure 5.2). 
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Part of the mismatch with the targeted value is due to the unavoidable presence of non-identical 
macrospecies at the moment of BzMI addition, as reflected by the corresponding Ð of 1.13 
(Xsty=0.4). This is a direct consequence of the NMP mechanism (Figure 5.1b), in which the 
activation and deactivation rate can only reach (pseudo-)equilibrium once NMP initiation is 
finished (here at Xsty=0.05). Note that for a lower [Sty]0:[R0X]0 and a lower Xsty at which the 
functional monomer is added less microstructural control is inherently obtained as such 
conditions lead to a slower NMP consumption as a function of Xsty.
53
 
Another design criterion for the monomer placement is to demand only control over the relative 
position of the functional monomer unit with respect to the length of the polymer chain it is 
incorporated in. By focusing only on the relative position the variation with respect to the chain 
length is less important, making this design criterion less stringent. Ideally, a relative position of 
0.51 needs to be realized, following from dividing the targeted absolute position of 41 by the 
targeted xn of 81. The results (Figure 5.3c; green line) show that the BzMI unit is on average at a 
relative position of 0.53 (σ = 0.11), with 90% of the functional monomers incorporated between a 
relative position of 0.35 and 0.69 (non-colored region for green line). A narrower distribution for 
the relative positioning is obtained compared to the absolute positioning, as can be deduced from 
the coefficients of variation (ratio of standard deviations and mean values): 0.22 (relative) vs. 
0.30 (absolute). This confirms that a well-defined absolute placement is more tedious, which can 
be understood by the less pronounced impact of non-instantaneous NMP initiation upon an 
inspection of the product quality (Figure 5.3c) in the case of normalization by the chain length. 
Hence, the model can be used to quantify the polymer product quality in various ways, including 
the specification of the allowed maximal deviation of the targeted monomer incorporation 
pattern. 
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The above discussed results for the functionalization degree and monomer placement as obtained 
with the detailed kMC model (Figure 5.3b-c; BzMI = 1 eq.) differ considerably from the 
theoretically derived values for ideal living polymerizations, as previously explored by Gody et 
al.
36
 As shown in Appendix (Figure C.3), the use of an idealized reaction scheme leads to an 
underestimation of the non-functionalized chains and consequently to an overestimation of the 
mono- and difunctionalized chains which constitutes, together with the non-functionalized ones, 
the majority of the chain population (ca. 90%). These mismatches are due to an alteration of the 
number of comonomer units incorporated per activation-deactivation cycle upon the 
consideration of a detailed NMP reaction scheme. For the kMC model, in Figure 5.3d, the 
simulated distribution of the number of activation-deactivation cycles with a given number or 
propagation steps is displayed for a Xsty interval between 0.40 and 0.45. During this interval the 
majority of the added BzMI is converted (conversion of ca. 0.80) and therefore it is representative 
to study the functionalization at this stage of the NMP process. A further distinction is made in 
this figure according to the monomer type being incorporated on an average basis (styrene 
fraction: beige; BzMI fraction: blue). It should be stressed that this is the first time that a 
complete and explicit mapping of the diversity in activation-deactivation cycles is realized for 
RDRP. Since in the selected model approach the reaction event history is completely tracked, 
post-processing allows a dedicated kinetic and microstructural analysis according to user-defined 
specifications, in this case the efficiency of BzMl incorporation per activation-deactivation cycle. 
As can be seen in Figure 5.3d, the majority of the activation-deactivation cycles (ca. 40%) does 
not contribute to the “growth” of the dormant polymer chains, whereas in only 20% of the cycles 
1 monomer unit is incorporated. A large fraction of the cycles therefore incorporates more than 
one monomer unit, leading to deviations from the theoretical predictions based on idealized 
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monomer incorporation (see Figure C.3 in Appendix). It should be further noted that for a 
copolymerization in which cross-propagation is strongly favored, which is the case with styrene 
and BzMI, the average number of propagation steps during an activation-deactivation cycle 
inherently shifts to higher values, leading to amplified deviations from the idealized case. This 
follows from comparing Figure 5.3d with the results for styrene homopolymerization (Figure C.4 
in Appendix). 
5.4.3 Design of added BzMI amount 
From the previous discussion it is clear that employing one equivalent of functional monomer 
with respect to the NMP initiator does not lead to the desired incorporation of one BzMI in each 
polymer chain. A solution previously put forward to enhance the fraction of functionalized chains 
is to use more than one equivalent of BzMI.
21, 23
 The results considering up to 4 equivalents are 
shown in Figure 5.3b (blue: 1 eq. (already discussed before), yellow: 2 eq., purple: 3 eq., and 
green: 4 eq.). 
Upon inspection of this figure it follows that the number fraction of nonfunctionalized chains 
decreases from 45% to 27%, upon increasing the number of equivalents from 1 to 2. The fraction 
of singly functionalized chains however decreases from 28% to 22% and the fraction of largely 
overfunctionalized chains (> 5 functionalizations) increases with a factor of 9 from 0.8 to 7%. 
Further increasing the number of equivalents has a smaller impact on the decrease of the number 
of nonfunctionalized chains. Due to the persistent radical effect, a small fraction of styrene 
homopolymer dead chains is formed at the start of the NMP, which implies a limiting value for 
the contribution of nonfunctionalization chains, since BzMI is added at the later stages of the 
NMP (Xsty=0.4). In contrast, the formation of overfunctionalized chains is strongly amplified. For 
instance, adding four equivalents of BzMI reduces the fraction of non-functionalized chains to 
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15%, but increases the fractions of largely overfunctionalized chains (> 5 functionalizations) to 
ca. 40%. 
It can thus be concluded that too high BzMl amounts should be avoided, as they are associated 
with the formation of too high amounts of strongly overfunctionalized polymer chains. Hence, 
further design including a variation of other process parameters is recommended, which is 
explored in the next subsections. 
5.4.4 Design of comonomer addition programs 
To improve the positioning of the functional monomer units along the polymer chains, again 
defined with respect to the NMP initiator fragment, to follow the most strict definition of 
precision control, sequential additions of both the donor and acceptor comonomer have been 
previously proposed to enable ultra-precision control.
54
 On average, a better functionalization was 
obtained compared to the conventional approach, which can now also be verified at the level of 
the individual polymer chains, using the matrix-based visualization tool as put forward in the 
present work. 
For example, Figure 5.4a depicts the detailed microstructure per chain still aiming, as before, at 
the placement of the BzMl unit at an absolute position of 41 for a targeted chain length of 100. 
Half of the total styrene amount is added initially and converted until Xsty=0.80, upon which all of 
the BzMl is added. When Xsty becomes 0.90 the remaining amount of styrene is added. The 
absolute and relative positions of the BzMI-units, as obtained by post-processing, are shown in 
Figure 5.4b. On an absolute basis, the functional monomer is incorporated at an average position 
of 46. A slight improvement compared to the conventional approach (absolute position of 48; 
Figure 5.3c) is thus achieved, which can be attributed to the lower styrene concentration during 
the interval in which BzMI is consumed upon the use of a comonomer addition program. The 
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standard deviation of the absolute BzMI location improves more significantly with a change from 
15 to 11 monomer units and 90% of the functional monomers incorporated between position 29 
and 64, as opposed to 26 and 75 in the reference case (Figure 5.3c), thus conforming previous 
experimental observations.
54
 
 
Figure 5.4. Positive influence of fed-batch styrene program for improved microstructural control: a) In 
silico visualization of microstructure for each individual copolymer chain (ca. 500 chains out of a 
representative polymer sample of 10
5
 chains), b) number fraction of BzMI units at absolute and relative 
positions of BzMI units in the chain; NMP of styrene and BzMI initiated by BlocBuilder MA at 120°C 
([Sty]0:[BzMI]AP1:[Sty]AP2:[R0X]0 = 50:1:50:1); with addition point (AP) 1 and 2 at Xsty = 0.8 and 0.9. 
This improvement is mainly due to a lower dispersity at the moment of addition (1.09 vs. 1.14), 
i.e. a higher NMP initiation efficiency is achieved, and thus not due to a significant change in 
end-group functionality. A similar end-group functionality is obtained as before, as for both the 
reference and present case most termination reactions take place at low monomer conversions at 
which the same apparent termination reactivities result. On the other hand, upon the use of 
comonomer addition programs, a small influence of diffusional limitations on the activation-
deactivation process can be expected, as high viscosity regimes are more easily reached. As 
indicated above, in the present work, the latter diffusional limitations are ignored for simplicity 
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and, hence, a slightly less controlled monomer incorporation is expected at the higher monomer 
positions than visualized in Figure 5.4.
49, 55
 The relative position of the BzMI units also improves 
(mean (μ) = 0.51 and σ = 0.09) with 90% of the functional monomers contained between 0.37 and 
0.65, as opposed to 0.35 and 0.69 for the conventional case (Figure 5.3c). Note that this 
improvement is less pronounced than for the absolute position, which is consistent with the above 
explanation of a reduced impact of changes of the NMP initiation efficiency upon normalization 
with the chain length. 
5.4.5 Design of NMP activation-deactivation reactivities 
Up to now, model-based design has only been used to optimize reaction conditions, for a given 
NMP initiator, i.e. the SG1-based alkoxyamine BlocBuilder MA. This initiator is typically 
considered in experimental studies for sequence controlled polymers via the NMP technique, 
taking into account that SG1 possesses excellent mediating properties for reasonable reaction 
times.
56, 57
 Hence, it is worthwhile to verify if another nitroxide would perform better, which has 
only been explored to a limited extend in previous kinetic studies. 
For this purpose, the impact of the nitroxide mediating capabilities on the microstructural control 
has been theoretically evaluated at fixed reaction conditions. As shown in Figure 5.5, for this 
study, grid simulations for bicomponent NMP of styrene and BzMl with benzoyl peroxide (BPO) 
as conventional radical initiator have been performed. Taking into account the conventional 
initiator efficiency of 0.7,
58 
the nitroxide is added in a stoichiometric amount with respect to 
BPO: [BPO]0:[X]0 = 0.71:1. 
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Figure 5.5. Model-based identification of the most suited nitroxide via a screening of (ka, kda) 
combinations for (bicomponent) NMP synthesis of sequence controlled polymers, ignoring side reactions 
with the theoretical nitroxides for simplicity; number fraction of chains with a) 0 BzMI units, b) 1 BzMI 
unit, and c) more than 3 BzMI units; conditions: bicomponent NMP of styrene and BzMI initiated with 
BPO at 120°C ([Sty]0:[BzMI]addition point:[X]0:[BPO]0=100:1:1:0.71); with 2f[BPO]0 = [X]0; f: initiator 
efficiency); results shown for Xsty = 0.8 and addition point Xsty=0.4; white circles: SG1 for which side 
reactions can be ignored
28, 59
 and experimental validation has been successfully performed (cf. Figure 5.2) 
and ideal nitroxide X used for the combined optimized approach in Figure 5.6. 
Bicomponent NMP is considered to obtain an unbiased kinetic modeling analysis, since a lower 
number of NMP initiation related rate coefficients are required (see Appendix), as compared to 
the conventional (monocomponent) NMP initiation considered before. Due to the lack of kinetic 
parameters, for simplicity, side reactions with all the theoretical nitroxides have been ignored. On 
the other hand, styrene specific side reactions, such as thermal initiation, are still incorporated in 
the kMC model. For the grid simulations, the activation and deactivation rate coefficient for 
styryl macroradicals (ka and kda) are allowed to freely vary within physically relevant ranges: ka: 
10
-3.5
 and 10
-1.5
 s
-1
 and kda: 10
6
 and 10
8 
L mol
-1
 s
-1
. Based on literature data (see Table S3 in 
Appendix),
32, 60-63
 this scanning range includes the most commonly used nitroxides, i.e. SG1 
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(white circles; safely no side reactions 
28, 59
), 2,2,5-trimethyl-4-phenyl-3-azahexane-3 oxyl 
(TIPNO), di-tert-butyl nitroxide (DBNO), and 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO). 
Three microstructural properties, i.e. the number fraction of nonfunctionalized (Figure 5.5a), 
monofunctionalized (Figure 5.5b), and overfunctionalized (more than three functionalizations; 
Figure 5.5c) chains are considered to evaluate the relevance of chain-to-chain deviations. It can 
be observed that for minimization of the number fraction of nonfunctionalized chains (Figure 
5.5a) and tuning toward monofunctionalization (Figure 5.5b-c), a nitroxide with both a high ka 
and kda (top right region) should be used. Upon the addition of BzMl, ideally all dormant chains 
need to participate for incorporation of this functional monomer, explaining the need for a high 
ka. Once a dormant chain is activated, it should ideally only add to 1 BzMI unit - next to some 
inevitable styrene units - in order to avoid overfunctionalization. The selected nitroxide should 
therefore also possess an as high as possible kda. 
It should be noted that thermal self-initiation is also affecting the trends in Figure 5.5. For 
nitroxides possessing a low ka and/or a high kda, the number of radicals generated by thermal self-
initiation is no longer negligible with respect to the number of radicals formed by BPO 
dissociation. This leads to an imbalance for deactivation and, hence, deteriorates the synthesis of 
the targeted sequence-controlled polymers. This can be better understood by comparing Figure 
5.5 with Figure C.5 in Appendix, in which the corresponding results are given if thermal self-
initiation is neglected. 
Upon further analysis of Figure 5.5 it follows that SG1 (white circles), despite its successful use 
for the synthesis of well-defined sequence-controlled polymers (see above), does not possess 
mediating capabilities in the preferred top right (ka, kda) region. Hence, theoretically room for 
improvement exists for the design of the nitroxide. At first sight, DBNO seems a better candidate 
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as it is characterized by a higher NMP (de)activation reactivity than SG1.
61, 62
 However, as 
indicated by Catala et al.
64 
and also confirmed experimentally in this work DBNO side reactions 
cannot be ignored, as was done for the construction of Figure 5.5. 
It should be clear that the model-based screening of (ka, kda) combinations and the development 
of novel nitroxides with mediating capabilities in the top right region of Figure 5.5 - and a limited 
impact of side reactions - will allow a full exploitation of the NMP technique for the synthesis of 
well-defined sequence-controlled polymers. The latter observation can be generalized to other 
RDRP techniques, further highlighting the relevance of model-based design for precision control 
and the relevance of future research in which various RDRP agents beyond the SG1 nitroxide can 
be tested, including a variation of the polymerization temperature to further tune the efficiency of 
activation-growth-deactivation cycles. 
5.4.6 Combined design for optimal performance 
Previously, monofunctionalized polymer chains have been targeted and several separate model-
based design strategies have been applied. In this section, the model-based design strategy is 
extended to sequence-controlled polymers containing three distinct functionalizations, i.e. 
multifunctionalization. The aforementioned design strategies are combined to achieve the best 
performance for the functionality placements. 
The aim is that each polymer chain contains 150 styrene units at full styrene conversion and 3 
functional monomer units at an absolute position of 38, 75, and 113 (Figure 5.6a; Xsty =0.9). For 
simplicity, BzMI is employed three times as the functional monomer unit, further referred to as 
BzMI-1 (blue), BzMI-2 (red), and BzMI-3 (green). The results for the combined multi-based 
design strategy are depicted in Figure 5.6a-b. For illustration purposes, a theoretical alkoxyamine 
with high quality mediating capabilities is selected ((ka, kda)=(1.4 10
-2
 s
-1
, 1.2 10
7
 L mol
-1
 s
-1
); no 
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side reactions with the nitroxide; top right region in Figure 5.5). Sequential additions of BzMI 
and styrene are also performed per functionalization step, taking Xsty equal to 0.8 and 0.9 (cf. 
Figure 5.4). For each functionalization, 2 eq. of BzMI is considered, taking into account that too 
high equivalents easily lead to overfunctionalization, as explained above (cf. Figure 5.3). In 
Appendix (Figure C.6), for comparison, the corresponding results using the SG1 nitroxide are 
considered, assuming only an addition program for the functional monomer unit. 
 
Figure 5.6. Model-based design for sequence-controlled polymer synthesis by combining all previous 
design strategies: a) Explicit in silico visualization of microstructure for each individual copolymer chain 
(ca. 500 chains of a representative polymer sample of 100.000 chains), b) number fraction of BzMI units 
at absolute and relative positions in the chain, c) number fraction of chains depending on the 
functionalization pattern (target: [I,I,I]); NMP styrene with 3 BzMI additions with (ka,kda)= (1.4 10
-2 
s
-1
, 
1.2 10
7
 L mol
-1
 s
-1
; no side reactions with nitroxide); 120°C; [Sty]0:[R0X]0:[BzMI-1]AP1:[Sty]AP2:[BzMI-
2]AP3:[Sty]AP4:[BzMI-3]AP5:[Sty]AP6 = 47:1:eq.:45:eq.:45:eq.:13; eq. each time 2 for a) and b) but 
parameter for c); defined with respect to R0X; addition point (AP) 1,3 and 5 at Xsty = 0.8 and addition 
point 2, 4 and 6 at Xsty = 0.9; Figure C.6 comparative figure upon use of SG1 nitroxide. 
It follows from Figure 5.6a that an excellent control over the copolymerization kinetics is 
obtained, although for a small part of the chains an overlap exists for the absolute positions (blue 
regions Figure 5.6b). The three distributions are characterized by mean positions of 42, 79, and 
116 for BzMI-1, BzMI-2, and BzMI-3, which are very close the targeted ones of 38, 75, and 113. 
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The standard deviations are all lower than in Figure C.6 (SG1 counter case) and given by 10, 13, 
and 18 monomer units with corresponding coefficients of variation equal to 0.24, 0.17, and 0.16. 
On a relative position basis, an even better performance results with a low overlap (green regions 
in Figure 5.6b). The mean values are all close to the targeted values and given by 0.30 (BzMI-1), 
0.56 (BzMI-2), and 0.82 (BzMI-3). Based on the standard deviations of 0.073, 0.071, and 0.065, 
the coefficients of variation become 0.24, 0.13, and 0.08. Hence, the broadness of the relative 
positioning of BzMI units considerably improves if the addition occurs at higher chain lengths, 
taking also into account that the average number of propagation steps in the activation-
deactivation cycles during the functionalization stages decreases with decreasing styrene 
concentration. 
Further model-based analysis allows to map the complete functionalization pattern for each 
individual chain. If a single functionalization is successful the label ‘I’ is considered, as opposed 
to the label ‘0’ for an unsuccessful one. This convention gives rise to eight possibilities for the 
multifunctionalization with perfect, i.e. threefold, functionalization reflected by the 
functionalization pattern [I,I,I]. In Figure 5.6c, the results from the post-processing are shown for 
different equivalents of each BzMI addition (reference case (yellow bars): each time 2 eq; direct 
link to Figure 5.6a-b). Upon the use of one equivalent (blue bars), a poor result is obtained with 
only 23% of the chains possessing all three functionalizations, whereas 9% remains 
nonfunctionalized. Upon increasing the number of equivalents, the functionalization efficiency 
rapidly improves. Using two equivalents (yellow bars), the number fraction of tri-functionalized 
chains increases already to 56%, decreasing the number of non-functionalized chains to a very 
low amount of 4%, following initial assumptions.
23, 26
 Further increasing the number of 
equivalents to three (purple bars) or four (green bars) further increases the number fraction of tri-
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functionalized chains even to 75%, and 85%, whereas the amount of non-functionalized chains 
remains around 4%. The latter can be attributed to unavoidable nonfunctionalized dead polymer 
formation at low reaction times due to the persistent radical effect, as explained above. 
In addition, the improvements for the multifunctionalization pattern with the combined model-
based design strategy can also be deduced by comparison with the corresponding pattern as 
obtained with the SG1-nitroxide and considering only an addition program for the functional 
monomer (Figure C.6c in Appendix). In particular, an increase of ca. 15% (2 eq.) is obtained for 
the chains with threefold functionalization using the combined design strategy. 
Hence, upon a careful selection of the RDRP mediating agent and the reactions conditions, it has 
been theoretically illustrated that well-defined sequence controlled polymers can be obtained, 
according to a predetermined multifunctionalization pattern. 
5.5 Conclusions 
A full design of the NMP synthesis procedure for sequence-controlled polymers has been 
successfully performed using matrix-based kinetic Monte Carlo simulations, in which chain-to-
chain microstructural deviations are explicitly mapped. Such detailed model-based 
characterization of the polymer microstructure – for each individual copolymer chain – allows an 
unambiguous product quality labeling with respect to a targeted functionalization pattern, 
including multifunctionalizations. 
To obtain a high product quality an excellent control over the individual activation-growth-
deactivation cycles, which can be visualized and tuned with the developed simulation tool, is 
required. This microstructural control can be established by (i) selecting a nitroxide/ alkoxyamine 
characterized by a sufficiently high NMP (de)activation reactivity and a minimal impact of side 
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reactions, (ii) adding the correct overall amount of the functional monomer(s), and (iii) applying 
an addition program for all comonomers to ensure low styrene concentrations during the addition 
of the functional monomer. To support the application of these three control strategies, both 
separately and jointly, model-based design is a powerful and indispensable tool. 
Currently, in agreement with experimental results on the average chain length characteristics, the 
highest NMP copolymer product quality is obtained with the SG1 nitroxide in case the number of 
BzMl equivalents is sufficiently increased and the comonomers are added along the NMP at high 
styrene conversion. 
Moreover, the proposed model-based design strategy is of a generic nature and can also be 
considered for the design of other functionalization processes aiming at precision control, 
provided that reliable model parameters are available or determined. In particular, the model 
allows to map the differences of the sequence-controlled quality between different RDRP 
techniques in order to identify the most suitable reaction conditions for the synthesis of well-
defined sequence-controlled polymers consisting of a given comonomer pair. 
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Chapter 6. How penultimate monomer unit effects and initiator choice influence 
ICAR ATRP of n-butyl acrylate and methyl methacrylate 
Summary 
The relevance of penultimate monomer unit (PMU) effects and the selection of the correct 
initiator species under typical reversible deactivation radical copolymerization conditions is 
illustrated, using matrix-based kinetic Monte Carlo simulations allowing the visualization of all 
monomer sequences along individual chains. Initiators for continuous activator regeneration atom 
transfer radical polymerization (ICAR ATRP) is selected as illustrative polymerization technique 
with n-butyl acrylate and methyl methacrylate as comonomers, aiming at the synthesis of well-
defined gradient copolymers. Using literature based model parameters, in particular temperature 
dependent monomer and radical reactivity ratios, it is demonstrated that PMU effects on 
propagation and ATRP (de)activation cannot be ignored to identify the most suited ICAR ATRP 
reactants (e.g. tertiary ATRP initiator) and reaction conditions (e.g. feeding rates under fed-batch 
conditions). The formulated insights highlight the need for further research on PMU effects on all 
reaction steps in radical polymerization. This work was published in AIChE Journal 2017, 
DOI: 10.1002/aic.15851 
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6.1 Introduction 
Radical polymerization is a powerful synthesis technique, allowing upon processing of the 
produced grades the realization of both commodity materials (e.g. household goods and 
construction items) and more specialized applications (e.g. coatings and paints).
1, 2
 In many cases 
a copolymerization is conducted to combine several properties in one polymer product. Important 
commercial copolymers are for instance poly(acrylonitrile-butadiene-styrene), poly(styrene-
acrylonitrile), and copolymers based on (meth)acrylates and acrylamides. 
Under batch free radical polymerization (FRP) conditions, as shown in Figure 6.1, conventional 
radical initiator molecules (I2; e.g. azobisisobutyronitrile (AIBN)) dissociate into I radicals that 
take up many (e.g. 10
3
) comonomer molecules (M) to form macroradicals Ri (i: chain length). 
These Ri species live only for milliseconds before they are transformed into dead polymer 
molecules P via either termination or chain transfer reactions. As the I2 and M concentrations 
continuously decrease and the observed reaction rates can depend on the viscosity and hence on 
the monomer conversion, a polymer product with a broad chain length distribution (CLD) results. 
For example, at low to intermediate overall monomer conversions (Xm=0.20-0.70) diffusional 
limitations on termination lead to a gel-effect so that longer chains are formed, as propagation is 
relatively favored.
3
 On the other hand, at high overall monomer conversions (Xm > 0.90) or thus 
low monomer concentrations propagation is less likely and shorter chains are again formed, with 
an even further reduction of the chain length for a diffusion-controlled propagation.
4
 
For batch copolymerization, the situation is even more complex with a drifting composition for 
the formed chains with increasing reaction time.
5-7
 This drifting is due to the difference in 
chemical structure of the comonomers and a favoritism toward the incorporation of the more 
reactive monomer at low reaction times and thus depletion of this comonomer already at 
Chapter 6 177 
 
 
intermediate Xm. Hence, in conventional batch radical copolymerization not only a wide range of 
chain lengths are formed, leading to highly disperse polymers (Ð > 1.5), but also the comonomer 
sequences or even simply the overall amounts of comonomer per chain can be strongly different. 
To partially compensate for this heterogeneous character of the copolymer composition fed-batch 
(or semi-batch) procedures are typically applied.
8, 9
 The monomer feed composition is kept 
constant by continuously adding comonomer(s) so that the instantaneous average copolymer 
compositions, i.e. the average incorporated amounts of each comonomer over all chains, remains 
on target. A differentiation in the comonomer sequences is however still obtained upon 
comparison of the monomer sequences of individual chains.
10
 By applying a fed-batch procedure 
compositional drift on an average basis is avoided, however, the monomer sequences of 
individual macrospecies and thus the individual copolymer compositions cannot be made 
identical.
11
 It should be further realized that even under fed-batch conditions a broad CLD results 
and therefore FRP has its inherent limitations for the synthesis of more advanced copolymers 
such as for instance block and gradient copolymers for self-assembly applications.
12
 
More recently so-called controlled radical copolymerization (CRP) or reversible deactivation 
radical copolymerization (RDRP) techniques have been developed that allow a much better 
intermolecular homogeneity of the polymer microstructure, both with respect to the control over 
chain length and comonomer incorporation.
12-16
 In these techniques, a (mediating) agent is added 
which allows the temporarily deactivation of Ri into dormant species (RiX), as shown in Figure 
6.1, taking (“normal") atom transfer radical polymerization (ATRP) as illustrative CRP 
technique. In ATRP, mostly a Cu-based catalyst or activator (Mt
n
L/X) allows the activation of 
dormant (macro)species by taking up the X (halogen) moiety and becoming deactivator 
(Mt
n+1
L/X2). After a couple of propagations this moiety can be transferred back via deactivation, 
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as this reaction is characterized by a high intrinsic reactivity (> ca. 10
6
 L mol
-1
 s
-1
). This also 
leads to the regeneration of the activator, highlighting the catalytic nature of the ATRP process.
14, 
17, 18
 Under well-defined reaction conditions, activation-propagation-deactivation cycles are 
dominant so that RiX species are mostly formed and, hence, in contrast to FRP a functional 
polymer product is obtained. Moreover, for a sufficiently fast CRP initiation, a low dispersity 
polymer (Ð < 1.5) can be made as well.
19
 
 
Figure 6.1. Principle of (a) conventional free radical polymerization (FRP), (b) initiators for continuous 
activators regeneration (ICAR) ATRP and (c) “normal” atom transfer radical polymerization (ATRP); ka, 
kda, kp, kt, kdis: rate coefficient for ATRP activation, ATRP deactivation, propagation, termination, 
dissociation; f: conventional initiator efficiency; subscript 0: ATRP initiator, subscript i: chain length; 
Mt
n
X/L: activator, Mt
n+1
X2/L: deactivator; starting compounds: grey circles; for ICAR ATRP termination 
is not explicitly shown for simplicity. 
In general, CRP allows to gradually incorporate monomer units along individual (co)polymer 
chains in an almost identical way, since each “growing” dormant species experiences the same 
reaction conditions, as opposed to FRP, in which the radical lifetime is only in the order of 
milliseconds.
20
 This implies the possibility of intermolecular homogeneity for the monomer 
sequences, which is a characteristic as good as unachievable via FRP as explained above. On the 
other hand, CRP often suffers from low polymerization rates, making it less industrially attractive 
as compared to the well-established FRP technique.
12, 21, 22
 For ATRP this issue has been greatly 
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resolved by developing modified ATRP systems
23-29
 such as initiators for continuous activators 
regeneration (ICAR) ATRP of which the principle is shown in Figure 6.1. In ICAR ATRP, the 
polymerization is started with small amounts of the oxygen insensitive deactivator (< 50 ppm; 
molar with respect to monomer) and I2. Hence, a FRP (Figure 6.1) and “normal” ATRP (Figure 
6.1) procedure are mixed to ensure simultaneously a high polymerization rate and an excellent 
microstructural control. It should be further stressed that CRP remains a radical polymerization 
technique and therefore as in FRP a complex interplay between chemistry and diffusional 
limitations exist, which can only be properly mapped via kinetic modeling due to the high 
number of parameters involved.
30-32
 This complexity is specifically increased in case 
copolymerizations are studied in which both comonomers are sufficiently present. So-called 
penultimate monomer unit (PMU) effects can exist, implying that the intrinsic reactivities are 
determined by the last two monomer units of the macroreactants and not only by the last one.
33
 
For example, if the PMU effect is relevant for the propagation reactivity, 8 propagation rate 
coefficients need to be distinguished for kinetic modeling studies in contrast to the conventional 4 
of the terminal model with only the last monomer unit determining the propagation reactivity. At 
first, only terminal propagation models have been used, which were rarely critically tested against 
both polymer composition and monomer conversion experimental data.
34
 Later on, a more 
profound testing indicated a general failure of the terminal propagation model which led to the 
development of several penultimate models.
35, 36
 The two most successfully applied PMU 
propagation models under both FRP and CRP conditions are the so-called implicit and explicit 
penultimate model.
33
 The former assumes an influence of both the terminal and penultimate 
monomer unit on the individual propagation reactivities, in combination with only an influence of 
the terminal monomer unit on the propagation selectivity (
𝑘𝑝𝑖𝑖,𝑖
𝑐ℎ𝑒𝑚
𝑘𝑝𝑖𝑖,𝑗
𝑐ℎ𝑒𝑚 = 
𝑘𝑝𝑗𝑖,𝑖
𝑐ℎ𝑒𝑚
𝑘𝑝𝑗𝑖,𝑗
𝑐ℎ𝑒𝑚). On the other hand, for 
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an explicit PMU model, also the propagation selectivity is influenced by the penultimate 
monomer unit.
34, 35, 37
 Currently, the implicit propagation model is most frequently used, although 
in general the true nature of the PMU effect is more likely of an explicit nature.
38-40
 The kinetic 
relevance of the PMU effect further depends on the reactions conditions and nature of the 
comonomer pair.
41, 42
 In addition, the PMU effect can also be relevant for the intrinsic (chemical) 
CRP activation and deactivation reactivities, giving rise to 4 extra intrinsic (penultimate) rate 
coefficients.
43-45
 For example, Nanda et. al.
45
 experimentally highlighted PMU effects for ATRP 
activation rate coefficients comparing the reactivities of mono- and dimeric (meth)acrylate Br-
capped species, using a trapping procedure with a persistent radical. A computational study by 
Lin et al.
46
 confirmed this PMU effect on the equilibrium coefficient for the related bond 
dissociation step. Moreover, the recent progress in theoretical or ab initio calculations will very 
likely lead in the near future to an additional pathway to further map the impact of PMU effects 
on intrinsic rate coefficients.
5, 33, 47-49
 
To reduce the complexity and taking into account the limited knowledge on penultimate rate 
coefficients most CRP kinetic modeling studies resort to the use of the simplified terminal model 
to calculate the intrinsic reactivities.
50-54
 In case a PMU model is used, it only relates to the 
propagation reactivity - thus not to the CRP (de)activation reactivity - and this almost exclusively 
in an implicit way.
55-57
 Moreover, the temperature dependency of the reactivity ratios is rarely 
taken into account and often values are employed which have been obtained at a different 
temperature than the actual polymerization temperature considered in the kinetic modeling study. 
In general, it can be expected that this is a too strong simplification, in particular for reactions 
with a wide range of activation energies.
13, 58
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In the present work, matrix-based kinetic Monte Carlo (kMC) simulations
4
 are used to highlight 
the relevance of PMU effects in CRP, selecting ICAR ATRP as reference technique and n-butyl 
acrylate (nBuA) and methyl methacrylate (MMA) as comonomers. A distinction is made between 
PMU effects on propagation and ATRP (de)activation, considering literature data to calculate the 
Arrhenius parameters for the associated monomer and radical reactivity ratios. For the first time, 
the monomer sequences of individual polymer chains are visualized while accounting for PMU 
effects and a comparison is made with model simulations according to the approximate but 
typically applied terminal model. It is also demonstrated that the temperature dependency of the 
monomer and radical reactivity ratios cannot be ignored, a simplification which is frequently 
made in previous kinetic modeling studies as mentioned above. A broad window of 
polymerization conditions is considered, including a variation of the temperature and operation 
mode (batch vs. fed-batch). Model-based design is also applied to explore the influence of the 
PMU effect on the identification of optimal reaction conditions for the synthesis of well-defined 
gradient copolymers. The formulated kinetic insights contribute greatly to the improved 
understanding of radical copolymerization in general and emphasize the need for further research 
and quantification of PMU effects on the propagation and CRP (de)activation reactivity. 
6.2 Kinetic model 
In the present work, a detailed kinetic model is constructed for ICAR ATRP of n-butyl acrylate 
(nBuA; M1) and methyl methacrylate (MMA; M2), employing Cu(II)Br2/PMDETA 
(N,N,N′,N′′,N′′-pentamethyldiethylenetriamine) as deactivator and considering penultimate 
monomer unit (PMU) effects on all relevant reaction steps. This RDRP system is selected to 
allow for a direct comparison with previous kinetic modeling results employing a terminal 
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model
54
 and taking into account that the model parameters can be derived from literature. The 
kinetic model considers dissociation, chain initiation, propagation, ATRP (de)activation, and 
termination. Backbiting could be ignored based on preliminary simulations (see Section S.1 of 
the Appendix), taking into account that a maximal and reference temperature of 363 K is used. 
In a first stage, grid simulations are performed at 363 K to identify a suited ICAR ATRP 
initiation system to ensure a sufficiently high batch polymerization rate and control over the 
polymer properties with an acceptable Cu ppm level. These simulations involve the consideration 
of several ATRP initiators (R0X) with reported ATRP activation rate coefficients (𝑘𝑎0
𝑐ℎ𝑒𝑚) ranging 
from 3.0 × 10
-1
 to 4.1 × 10
2
 L mol
-1
 s
-1
 and several conventional radical initiators (I2) for which 
the reported dissociation rate coefficient (𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚) varies between 6.3 × 10
-6
 and 2.5× 10
-4
 s
-1
.
58
 
59
 
For simplicity the corresponding deactivation rate coefficients (𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚) are not altered, as 
preliminary simulations showed that this parameter is kinetically less significant (see Appendix). 
In a second stage, a detailed understanding and design of the copolymerization process is targeted 
for the optimized initiation system determined in the first stage. This includes evaluation of the 
effect of a variation of the temperature and reactor operation mode (batch vs. fed-batch) and 
ultimately aims at the relatively fast synthesis of well-defined gradient copolymers. 
6.2.1 Kinetic parameters 
The monomer and radical reactivity ratios reported in the study of Yu et al.
60
 (Table 6.1: left) are 
used together with the well-known homopropagation coefficients.
61, 62
 to calculate the 8 
penultimate propagation kinetic parameters (i.e. 𝑘𝑝𝑋𝑌,𝑍
𝑐ℎ𝑒𝑚  with X,Y,Z = 1,2) , of which the two first 
indeces of the subscript relate to the penultimate and terminal monomer unit of the macroradical, 
and the third one to the monomer involved in the propagation reaction.. These ratios, as defined 
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in Equation (6.1), relate to the copolymerization of methyl acrylate and MMA, of which the 
former is taken as a representative for nBuA, the selected acrylate monomer in the present work.  
𝑟1 =
𝑘𝑝11,1
𝑐ℎ𝑒𝑚
𝑘𝑝11,2
𝑐ℎ𝑒𝑚 ;  𝑟2 =
𝑘𝑝22,2
𝑐ℎ𝑒𝑚
𝑘𝑝22,1
𝑐ℎ𝑒𝑚 ;  𝑟1
′ =
𝑘𝑝21,1
𝑐ℎ𝑒𝑚
𝑘𝑝21,2
𝑐ℎ𝑒𝑚 ;  𝑟2
′ =
𝑘𝑝12,2
𝑐ℎ𝑒𝑚
𝑘𝑝12,1
𝑐ℎ𝑒𝑚 ;  𝑠1 =
𝑘𝑝21,1
𝑐ℎ𝑒𝑚
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 ;  𝑠2 =
𝑘𝑝12,2
𝑐ℎ𝑒𝑚
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 (6.1) 
Yu et al.
60
 calculated from first principles both terminal and penultimate propagation reactivity 
ratios, using mono-, dimeric, and trimeric radicals as model compounds and considering different 
temperatures so that Arrhenius type of relations could be calculated for the reactivity ratios 
(Table 6.1; left). For the terminal model, in which the propagation reactivities are retrieved from 
ab initio calculations with mono-radicals, it follows by definition that 𝑟1 = 𝑟1
′,  𝑟2 = 𝑟2
′, and 𝑠1 =
𝑠2 = 1. A comparison of the terminal reactivity ratios at 293 and 363 K in Table 6.1 and the 
corresponding reactivity ratios via the penultimate model allows to conclude that PMU effects 
cannot be ignored for the selected comonomer pair but are not equally relevant for all propagation 
reactions. Most deviations with respect to the terminal model are related to the s values as still 
rather similar r and r’ values are obtained, highlighting that a so-called implicit PMU is very 
likely active with most significant PMU effects upon on evaluation of the ICAR ATRP process 
on a time basis. 
10, 34
 Nevertheless at a given monomer conversion microstructural changes, e.g. 
compositional heterogeneity, can also be expected taking into account that in practice often fed-
batch procedures are applied for radical copolymerization processes for which the feeding rate 
profiles need to be defined as a function of the reaction time.
53, 63
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Table 6.1. Arrhenius relations for the reactivity ratios for propagation/ATRP (de)activation (Equation 
(6.1)/(6.2)) in the copolymerization of n-butyl acrylate (M1) and methyl methacrylate (M2) with 
Cu(II)Br2/PMDETA; terminal (T) and penultimate (PMU); values at 293 and 363 K also specified.
45, 46, 60
 
  propagation
(a)
 (de)activation
(a)
 
  𝑟1 𝑟2 𝑟1
′ 𝑟2
′ 𝑠1 𝑠2 𝑠𝑎,1 𝑠𝑎,2 𝑠𝑑𝑎,1 𝑠𝑑𝑎,2 
T
 
A (-) 1.72 0.90 1.72 0.90 1.00 1.00 1.00 1.00 1.00 1.00 
Ea (kJ mol
-1
) 3.71 -2.97 3.71 -2.97 0.00 0.00 0.00 0.00 0.00 0.00 
r/s(293K) 0.38 3.05 0.38 3.05 1.00 1.00 1.00 1.00 1.00 1.00 
r/s(363K) 0.49 2.47 0.49 2.47 1.00 1.00 1.00 1.00 1.00 1.00 
P
M
U
 
A (-) 2.48 1.08 1.34 0.74 0.70 1.03 4.72 84.44 1.23 0.59 
Ea (kJ mol
-1
) 4.69 -2.36 3.10 -3.58 1.43 -1.25 0.00 15.48 0.00 0.00 
r/s(293K) 0.36 2.85 0.38 3.22 0.39 1.72 4.72 0.15 1.23 0.59 
r/s(363K) 0.50 2.41 0.47 2.50 0.43 1.58 4.72 0.43 1.23 0.59 
(a)
 values of 𝑘𝑝11,1
𝑐ℎ𝑒𝑚 , 𝑘𝑝22,2
𝑐ℎ𝑒𝑚, 𝑘(𝑑)𝑎11
𝑐ℎ𝑒𝑚 , and 𝑘(𝑑)𝑎22
𝑐ℎ𝑒𝑚 can be found in Table S.1 (Appendix) 
For ATRP (de)activation PMU effects are also taken into account, despite that typically terminal 
values are considered in CRP kinetic modeling studies as explained above.
45, 46
 Only a few kinetic 
studies
45
 are devoted to the quantification of the PMU effect for ATRP (de)activation, explaining 
the lack of fully penultimate (ICAR) ATRP kinetic models. In analogy with the propagation 
radical reactivity ratios, following (de)activation radical reactivity ratios can be defined using the 
eight penultimate (de)activation rate coefficients (i.e. 𝑘(𝑑)𝑎𝑋𝑌
𝑐ℎ𝑒𝑚  with X,Y = 1,2 related to the 
penultimate and terminal monomer unit of the macrospecies involved): 
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𝑠𝑎,1 =
𝑘𝑎21
𝑐ℎ𝑒𝑚
𝑘𝑎11
𝑐ℎ𝑒𝑚 ; 𝑠𝑎,2 =
𝑘𝑎12
𝑐ℎ𝑒𝑚
𝑘𝑎22
𝑐ℎ𝑒𝑚 ;  𝑠𝑑𝑎,1 =
𝑘𝑑𝑎21
𝑐ℎ𝑒𝑚
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚 ; 𝑠𝑑𝑎,2 =
𝑘𝑑𝑎12
𝑐ℎ𝑒𝑚
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 (6.2) 
Due to the limited availability of Arrhenius parameters for ATRP (de)activation, and the 
illustrative nature of the present work, the homopolymerization Arrhenius parameters, i.e. 
𝑘(𝑑)𝑎11
𝑐ℎ𝑒𝑚 and 𝑘(𝑑)𝑎22
𝑐ℎ𝑒𝑚 , have been approximated by those reported for isobornyl acrylate and butyl 
methacrylate.
64, 65
 As explained in detail in Appendix, the other activation penultimate Arrhenius 
parameters can be assessed by considering the sa values from the experimental study by Kumar et 
al. at 308 K
45
 and Evans-Polanyi-type relationships based on literature bond dissociation energies 
(BDEs) for the homolytic cleavage of the Br group. As also explained in Appendix, the 
corresponding sda values can be assessed by ignoring temperature dependencies and using 
thermodynamic BDE data.
45, 46
 The resulting Arrhenius parameters for the (de)activation radical 
reactivity ratios and the corresponding values at 293 and 363 K are specified in Table 6.1 (right).  
For termination, in agreement with literature data, no PMU effects are taken into account.
5
 The 
termination reactivities are described based on the terminal monomer units of the participating 
radicals, correcting for diffusional limitations. In other words, apparent termination rate 
coefficients are used in agreement with previous kinetic studies.
66-69
 To account for the different 
diffusivity of homopolymer and copolymer chains an averaging according to the overall 
copolymer composition is performed, as explained in Appendix. The homopolymer apparent 
termination rate coefficients are taken from the work of Johnston-Hall et al. who applied the so-
called reversible addition fragmentation chain transfer- chain length dependent- termination 
technique to measure the chain length and monomer conversion dependencies.
67, 70
 Diffusional 
limitations on the (de)activation process can be ignored to a first approximation as the conversion 
remains below 0.80.
66
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An overview of the Arrhenius parameters of all the reactions is provided in Table S.1 in the 
Appendix. For simplicity and again reminding the illustrative nature of the present work, the 
dissociation activation energy is taking equal to the one reported for AIBN.
59
 The chain initiation 
steps (CI1 to CI12 in Table S.1) comprise all monomer additions until a chain length of two is 
reached, since a penultimate model is used. Depending on the nature of the initiator radical, i.e. 
secondary or tertiary, and the monomer which is being incorporated, the Arrhenius parameters are 
approximated by those for the corresponding propagation. In Table S.1 in the Appendix the 
corresponding values at 363 K are also included. Anoverview of the intrinsic propagation and 
ATRP (de)activation reaction coefficients is given in Table S.3 of the Appendix. 
 
Figure 6.2. Outcome of the penultimate kMC model, focusing both on an average characterization and a 
detailed microstructural description of individual chains; Rdeac: ATRP deactivation rate. 
6.2.2 Model output 
The kMC modeling strategy is the same as the one introduced by Van Steenberge et al.
4
 and 
allows not only the calculation of average ICAR ATRP characteristics such as the dispersity and 
deactivation reaction rate (second to minute scale) but also the explicit microstructure of a 
representative copolymer sample (Figure 6.2; middle; minute to hour scale; single core). The 
latter refers to the visualization of the monomer sequence for each of the chains in this sample. 
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Note that with deterministic solvers such level of microstructural detail is extremely challenging 
as this is associated with a too high number of differential equations and thus an unrealistic 
computational cost. A direct average calculation is also not suited, taking into account the lack of 
a uniform chain length. 
Particularly with the selected kMC strategy for gradient copolymers an unbiased product quality 
labeling can made by a posteriori calculation of the so-called gradient deviation (<GD>; Figure 
6.2 (right)).
20
 Each chain in the sample is compared to the analogous ‘perfect’ (linear) gradient 
copolymer chain and <GD> results upon averaging over all chains and normalization toward a 
worst-case scenario of homopolymerization (normalization factor: 0.166). Theoretically a perfect 
(linear) gradient thus corresponds to a <GD> of 0. In practice, deviations always exist (e.g. due to 
unavoidable termination) and low <GD> values can be related to a high quality gradient 
copolymer.
71
 Earlier CRP kinetic modeling studies have indicated that a high quality gradient 
copolymer requires, at high Xm, a <GD> lower than 0.3 and a steep decrease for <GD> from low 
to high Xm. The latter is reflected by the difference between the green line in Figure 6.2 (right; 
good gradient) and the red line in Figure 6.2 (right) corresponding to a more poorly defined 
gradient copolymer.
20, 54
 
6.3 Results and Discussion 
In this section, the strength of kMC modeling to understand and design ICAR ATRP of MMA 
and nBuA toward the synthesis of well-defined gradient copolymers is illustrated. Attention is 
first focused on the identification of the correct initiator species types and the relevance of PMU 
effects under batch conditions. Subsequently attention is paid to the importance of the reaction 
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temperature and the reactor operation mode by comparing the gradient synthesis under batch and 
fed-batch conditions. 
6.3.1 Selection of initiator species types under batch conditions 
One of the key challenges for ICAR ATRP is the identification of a suited R0X and I2 pair, 
allowing on the one hand a reasonable polymerization rate so that a high monomer conversion 
can be easily reached and on the other hand an acceptable control over the polymer 
microstructure, i.e. a low dispersity and a high EGF. This identification is not straightforward as 
it also depends on the reaction conditions. 
24, 26, 65, 72, 73
 Overall many ICAR ATRP characteristics 
play a role and grid simulations need to be ideally performed over a wide range of reaction 
conditions and initiator kinetic parameters to avoid or at least minimize a biased identification of 
suited ICAR ATRP process characteristics. 
In Appendix, it is shown via such grid simulations that an intermediate Cu level (e.g. 40 ppm) 
and targeted chain length (e.g. TCL=200; initial molar ratio of monomer to ATRP initiator) are 
required to obtain a successful ICAR ATRP process. From Figure 6.3, in which grid simulation 
results for the initiator reactivities with respect to the polymerization time and dispersity are 
depicted (fixed Xm of 0.8; TCL of 200; 40 ppm Cu; 363 K), it follows that 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 needs to possess 
an intermediate value and ATRP initiators with a sufficiently high 𝑘𝑎0
𝑐ℎ𝑒𝑚 are needed. A 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 of 
5 × 10
-5
 s
-1
 is selected in the present work in good correspondence with commercially available 
initiators.
59
 A threshold value for 𝑘𝑎0
𝑐ℎ𝑒𝑚 corresponding to ca. 1 L mol
-1
 s
-1
 can be identified in 
Figure 3 in order to achieve a good microstructural control, i.e. a good control over dispersity and 
EGF, while still maintaining a reasonable polymerization rate. Therefore, a tertiary R0X (yellow 
spheres) such as methyl 2-bromoisobutyrate is put forward in the present work to be most suited 
(𝑘𝑎0
𝑐ℎ𝑒𝑚  = 4.1 × 102 L mol-1 s-1).58, 65 In contrast, a secondary R0X (white crosses in Figure 6.3(a)-
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(b); 𝑘𝑎0
𝑐ℎ𝑒𝑚 = 3.0 × 10-1 L mol-1 s-1)64 leads to too high dispersities (> 1.6) despite that the 
polymerization time is significantly reduced (< 8 hours). 
 
Figure 6.3. Mapping of the impact of dissociation rate coefficient 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚and ATRP initiator (R0X) 
activation rate coefficient (𝑘𝑎0
𝑐ℎ𝑒𝑚) on (a) the polymerization time and (b) dispersity at an overall 
conversion of Xm = 0.80 for ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate (M2) at 363K 
with [M1]0 = [M2]0; yellow dots: optimized batch system with tertiary ATRP initiator 
(𝑘𝑎0
𝑐ℎ𝑒𝑚 =4.1 × 102 L mol-1 s-1) and [M]0:[R0X]:[I2]0 = 200:1:0.03 and initial Cu(II) ppm level = 40 ppm; 
white “x”: results for unsuited secondary ATRP initiator (𝑘𝑎0
𝑐ℎ𝑒𝑚 =3.0 × 10-1 L mol-1 s-1); parameters: 
Table D.1 (Appendix); similar grid simulation results for reaction conditions in the Appendix. 
This different behavior of the secondary and tertiary R0X with respect to the polymerization time 
and dispersity is even more clear in Figure 6.4, the focus is now on both low and high reaction 
times or Xm values (full/dotted lines: tertiary/secondary R0X). For the secondary R0X, except at 
very low reaction times, the ICAR ATRP is always significantly faster. In agreement with the 
results in Figure 6.3(a) an overall polymerization time of ca. 8 hours is sufficient to reach a Xm of 
0.8 (dotted line in Figure 6.4(a)). On the other hand, for the tertiary R0X, the ICAR ATRP is 
slower with an increased polymerization time of ca. 11 hours. It should be noted that on an Xm 
basis the relative consumptions of both comonomers are independent of the R0X type as 
coinciding instantaneous copolymer composition fractions (F1,inst; 𝑑[𝑀1]/𝑑[𝑀1 + 𝑀2]) are 
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obtained (green lines Figure 6.4(f) ; cumulative copolymer composition fractions can be found in 
Figure D.11. of the Appendix). 
 
Figure 6.4. (a) Overall monomer conversion as a function of time, (b) dispersity (Ð, blue) and number 
averaged chain length (xn, green), (c) concentration of R0X (blue) and I2 (green), (d) concentration of 
dormant macrospecies (τ11, blue; τ22, green; τ12, red; τ21, brown; xy penultimate units), (e) concentration of 
deactivator (blue) and activator (green), (f) ratio of propagation to deactivation and instantaneous 
copolymer composition (F1,inst, green) as a function of the overall monomer conversion for batch ICAR 
ATRP of n-butyl acrylate (M1) and methyl methacrylate (M2) at 363K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; 
[M1]0 = [M2]0; initial Cu(II) ppm level = 40 ppm) using a secondary (𝑘𝑎0
𝑐ℎ𝑒𝑚= 𝑘𝑎11
𝑐ℎ𝑒𝑚; dotted lines) and a 
tertiary (𝑘𝑎0
𝑐ℎ𝑒𝑚= 𝑘𝑎22
𝑐ℎ𝑒𝑚; full lines) ATRP initiator (white crosses/yellow spheres in Figure 6.3); 
parameters: Table D.1 (Appendix). 
Furthermore, the dispersity and xn profiles (Figure 6.4(b), blue and green lines) indicate a very 
different degree of microstructural control depending on the R0X type. The secondary R0X 
displays a strong non-linear evolution of the xn profile and leads to high dispersities (> 1.7) 
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throughout the whole ICAR ATRP, indicating a lack of control over the chain growth and 
suggesting a slow ATRP initiation, in agreement with experimental findings of Ziegler et al.
74
 In 
contrast, the tertiary R0X displays an almost perfect linear evolution of xn (Figure 6.4(b)) and a 
relatively low final dispersity (ca. 1.3), indicative of a much better ATRP initiation. Indeed, 
Figure 6.4(c) (green lines) shows that on an Xm basis the tertiary ATRP initiation (full line) is 
much more effective, highlighting a better control over chain length.
19, 75
 
A closer inspection of the dispersity profile in Figure 6.4(b) for the tertiary R0X shows the 
presence of two local maxima, one at a very low Xm of ca. 0.05 and one at a low Xm of ca. 0.2. In 
contrast, for the secondary R0X only one maximum can be identified at a very low Xm of ca. 0.06. 
The existence of two maxima for the tertiary ATRP initiator can be related to a “two-stage 
initiation”, as can be deduced from an analysis of the dormant polymer concentrations in Figure 
6.4(d) (full lines). At the start of the ICAR ATRP, tertiary R0X consumption by activator is 
dominant (first initiation stage), as these dormant R0X species possess the highest concentration 
and ATRP activation reactivity. The generated tertiary R0 radicals are transformed into 
macroradicals (Figure D.6 in Appendix) but are quickly deactivated into novel dormant species, 
i.e. RX, with still a too low concentration and/or too low ATRP activation reactivity to 
significantly participate in further activation-growth-deactivation cycles. In particular, at very low 
Xm, increases in concentrations for the dormant macrospecies with a terminal M2 (MMA) unit can 
be seen in Figure 6.4(d) (full green and red line). Once the tertiary R0X species are depleted (Xm 
of ca. 0.05; Figure 6.4(c); blue full line) these terminal M2 dormant macrospecies, which thus no 
longer suffer from competition for ATRP activation and which possess a high ATRP activation 
reactivity, behave as macroinitiator species. The latter phenomenon explains the second initiation 
stage and thus the second maximum in the dispersity profile in Figure 6.4(b). In contrast, for the 
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secondary R0X with a much lower 𝑘𝑎0
𝑐ℎ𝑒𝑚 a much slower consumption of the R0X species takes 
place (Figure 6.4(c); dashed blue line) and the M2 terminal dormant macrospecies, possessing 
high ATRP activation reactivities, can be easily consumed at low Xm (no maxima in Figure 
6.4(d)), explaining the absence of the second initiation stage and dispersity maximum. Note that 
at high Xm, the differences between both ATRP initiator types become less relevant, which can be 
related to the diminished effect of the initiation process on the copolymerization kinetics. 
Figure 6.4(e) shows that the first initiation stage with a tertiary R0X is occurring with a high 
deactivator concentration very close to the initial one. This implies that the (re)generated amount 
of activator is directly employed for R0X activation, consistent with the appearance of the initial 
maxima in Figure 6.4(d) and resulting in a very low ratio of the propagation to ATRP 
deactivation rate (Rprop to Rdeac; Figure 6.4(f); blue full line). After the first initiation stage, the 
activation process becomes slower and the deactivator concentration decreases significantly, as 
on the one hand the I2 concentration (Figure 4(c)) is still high enough to provide for activator 
regeneration and on the other hand the monomer mixture becomes richer in nBuA (M1), leading 
to a shift of the (de)activation equilibrium to the dormant side. As can be derived from Table S.3 
in the Appendix, the activation/deactivation equilibrium coefficient for macrospecies with two M1 
units near the radical chain end is lower than the one with a penultimate M2 and a terminal M1 
unit. Since dormant “11” macrospecies are dominant over dormant “12” macrospecies at higher 
Xm (Figure 4(d)) the system becomes therefore less prone to ATRP activation as these species 
possess a much lower 𝑘𝑎
𝑐ℎ𝑒𝑚 contributing to the aforementioned buildup of activator. For the 
secondary R0X, at low Xm, the activator concentration is already high as secondary ATRP 
initiation can only commence with a much stronger initial activator generation. Consequently, the 
actual chain-growth takes place with lower deactivator amounts and thus a higher ratio of Rprop to 
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Rdeac compared to the tertiary case (Figure 6.4(f)). In other words, the degree of microstructural 
control can be easily linked to the evolution of the ratio of Rprop to Rdeac with lower values being 
beneficial, in agreement with earlier work,
42, 76
 and as also further illustrated in Figure D.4 in 
Appendix, selecting some representative additional batch reactions conditions in Figure D.2. (all 
tertiary R0X). 
 
Figure 6.5. Number fraction of activation-deactivation cycles as a function of number of propagations 
with relative contribution of nBuA (M1; green) and MMA (M2; red); batch ICAR ATRP at 363 K 
([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0; initial Cu(II) ppm level = 40 ppm) using a tertiary (a) 
and secondary (b) ATRP initiator (R0X) (yellow spheres/white crosses in Figure 6.3). during XM = [0.40-
0.45]; relative contribution allows to calculate the absolute amounts of both comonomers for a given 
number of propagations; parameters: Table D.1 (Appendix); grey bar represent subsequent activation-
deactivation steps. 
Finally, as explained above, the kMC model allows to track all monomer sequences of individual 
copolymer chains. The results for the secondary and tertiary R0X at a Xm of 0.8 are shown in 
Figure 6.6(a)-(b), selecting ca. 400 chains out of a representative polymer sample of 150000 
chains. For clarity, the chains are ranked from small to large, except the dead polymer chains who 
are included at the top but again ranked from small to large. In agreement with the discussion of 
Figure 6.3-5 the copolymer with the tertiary R0X is better defined. A better transition from MMA 
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(red) to nBuA (green) units can be observed per chain from “left” to “right”, which is required for 
the production of gradient copolymers. Due to slow ATRP initiation with the secondary R0X 
(Figure 6.4(c)), the later formed ATRP initiator radicals are created in a more nBuA rich feed, 
and, hence, the associated dormant chains possess a too low amount of initial MMA units, as 
visible at the bottom of Figure 6.6(b). 
 
Figure 6.6. (a-b) Explicit copolymer composition of ca. 400 chains out of a representative polymer sample 
of 150000 chains at an overall monomer conversion of 0.8 and (c) evolution of gradient quality (<GD>) 
for batch ICAR ATRP of n-butyl acrylate (M1; red) and methyl methacrylate (M2; green) at 363 K 
([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0; initial Cu(II) ppm level = 40 ppm), using a tertiary ((a), 
full orange line in (c)) and secondary ((b), dotted red line in (c)) ATRP initiator (R0X); parameters: Table 
D.1 (Appendix). 
The latter is also reflected in the <GD> profile (Figure 6.6(c)), which is more flat for the 
secondary R0X (red color, indicating a bad gradient quality). As explained above, previous 
modeling studies have shown that to ensure an excellent gradient quality steeply decreasing 
<GD> profiles are needed with final values well below 0.30.
20, 54
 Only by using a tertiary R0X a 
certain steepness for <GD> can be obtained. However, the final <GD> value is still relatively 
high (ca. 0.30), highlighting an intermediate gradient quality (orange color) under the selected 
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batch conditions, even with the tertiary R0X. The latter is consistent with the claim of Chuang et 
al.
77
 who indicated a difficult ATRP microstructural control with the selected comonomer pair. 
6.3.2 Relevance of PMU effects under batch conditions 
As indicated above (cf. Table 6.1), for propagation and ATRP (de)activation penultimate rate 
coefficients are considered . A natural question that arises is the relevance of these PMU effects 
on the evolution of the ICAR ATRP characteristics from a fundamental point view and thus 
ignoring the possible usefulness of the less parameterized terminal model in view of basic process 
design. In this subsection, it is demonstrated that these effects can become highly relevant due to 
their influence on the polymerization kinetics. The discussion is limited to the tertiary R0X, which 
appeared as the most suited ATRP initiator in the previous subsection. Attention is focused on the 
optimal ICAR ATRP batch conditions, as defined by the yellow spheres in Figure 6.3, again with 
a final Xm of 0.80. 
For the study of the relevance of the PMU effect, a distinction is made between all relevant 
combinations of reactivity ratio assumptions: (i) a complete penultimate model thus considering a 
PMU effect for both propagation and ATRP (de)activation; (ii) a model with only a PMU effect 
for ATRP (de)activation, which is a very hypothetical case; (iii) a model with only a PMU effect 
for propagation, which is currently the most commonly used model if PMU effects are accounted 
for in CRP; (iv) a complete terminal model, thus without any PMU effect as mostly applied in 
current kinetic modeling studies. In what follows, these models are referred to as Model 1-4, 
respectively. 
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Figure 6.7. Effect of penultimate unit (PMU) effects on the (a) overall monomer conversion as a function 
of time, (b) dispersity (left y-axis) and xn (right y-axis), (c) ratio of propagation rate to deactivation rate as 
a function of overall conversion for batch ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate 
(M2) at 363K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0; initial Cu(II) ppm level = 40 ppm) using a 
tertiary ATRP initiator (yellow spheres in Figure 6.3); full green lines: complete penultimate model 
(propagation and ATRP (de)activation; model 1); dashed-dotted blue lines: only PMU effects on ATRP 
(de)activation (model 2); dotted brown lines: only PMU effects on propagation (model 3); dashed red 
lines: complete terminal model (model 4); parameters: Table D.1 (Appendix). 
As can be seen in Figure 6.7(a), the polymerization rate is strongly affected by a PMU for 
propagation. Similar Xm profiles result with the complete penultimate model (full green line; 
model 1) and the one with only a PMU effect for propagation (dotted brown line; model 3), 
whereas significantly slower polymerizations are simulated with a model with only a PMU for 
ATRP (de)activation (dashed-dotted blue line; model 2) and a terminal model (dashed red line; 
model 4). 
In contrast, the dispersity profile (Figure 6.7(b)) has a more complex interpretation with respect 
to the relevance of the PMU effect. Initially, all four models give rise to same dispersity change, 
which corresponds to the dominance of R0X consumption and the limited chain growth at very 
low Xm, as explained above (first initiation stage in Figure 6.4). During the second initiation 
stage, as for the Xm profile (Figure 6.7(a)), PMU effects on propagation are relevant, as witnessed 
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by the coinciding full green line (complete penultimate; model 1) and dotted brown line (PMU 
effect for propagation only; model 3) but different lines for the other two models. From 
intermediate Xm onwards, however, a model with only a PMU effect for propagation is incorrect 
and clearly the PMU on ATRP (de)activation becomes very relevant (almost coinciding full green 
line and short dashed blue line; model 1 and 2). 
 
Figure 6.8. Ratio of propagation rate to deactivation rate for the different macroradicals (ij: penultimate 
units) full: 11, dash-dot: 21, dashed: 12, dotted: 22 for batch ICAR ATRP of n-butyl acrylate (M1) and 
methyl methacrylate (M2) at 363K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0; initial Cu(II) ppm 
level = 40 ppm) using a tertiary ATRP initiator (yellow spheres in Figure 6.3); (a): complete penultimate 
model (model 1), (b): only PMU effects on ATRP (de)activation (model 2), (c): only PMU effects on 
propagation (model 3), (d): complete terminal model (model 4); for complete terminal model 4 lines are 
appearing as it is a simplification of the PMU model, parameters: Table D.1 (Appendix). 
Overall the commonly used terminal model (model 4) results thus in an incorrect increase of the 
polymerization time from 11 to 15 hours with an incorrect increased final dispersity (1.3 vs. 1.5). 
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An understanding of the trends observed in Figure 6.7(b) is facilitated by an analysis of the ratios 
of the evolution of the propagation to deactivation rates with the overall monomer conversion. 
Figure 6.7(c) shows the ratios with the total rates (Rprop/Rdeac) for the 4 rate coefficient models, 
whereas Figure 6.8(a)-(d) is more detailed with a differentiation for each rate coefficient model 
according to the 4 individual penultimate ratios (Rprop,ij/Rdeac,ij; i,j=1,2). Note that the ratio with 
the “22” macrospecies is the lowest in Figure 6.8 and thus crucial for the level of microstructural 
control, in particular at lower Xm as explained above. All profiles in Figure 6.7(c) and Figure 6.8 
also reflect the two-stage initiation for a tertiary R0X (cf. Figure 3(f) full blue line). However, the 
onset of the second-stage and thus the settlement of the main activation-growth-deactivation 
process occurs at a different Xm, depending on the selected rate coefficient model. The sooner this 
onset takes place the better the expected microstructural control. Furthermore as explained above, 
low Rprop to Rdeac values are needed to ensure a good microstructural control. 
Inspection of Figure 6.7(c) and Figure 6.8 shows that with the complete penultimate model 
(model 1) the onset for the second initiation stage is fast and globally low Rprop to Rdeac ratios are 
obtained, explaining why this model predicts the best microstructural control. In contrast, the 
model with only a PMU effect for propagation (model 3) predicts a fast onset but is characterized 
by much too high Rprop to Rdeac ratios, explaining the high dispersities in Figure 6.7(b). The 
differentiation between model 1 and 3 can be related to the drop in 𝑘𝑎21
𝑐ℎ𝑒𝑚 for the latter model 
(Table S.3 in the Appendix; factor 5 as terminal model for ATRP activation). As this rate 
coefficient does not play a major role in the initiation mechanism, no noticeable effect is initially 
present. However, once the initiation stage is over the smaller 𝑘𝑎21
𝑐ℎ𝑒𝑚 value in model 3 leads to a 
loss in control. A smaller 𝑘𝑎21
𝑐ℎ𝑒𝑚 leads to a larger concentration for dormant “21” macrospecies 
(Figure D.7 in Appendix) and thus a lower deactivator concentration (Figure D.8 in Appendix). 
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This in turn leads to a much lower deactivation rate of terminal M2 macroradicals, which directly 
influences the microstructural control being the largest contributor as explained above. Hence, a 
higher ratio of the propagation to the deactivation rate results, explaining the much higher 
dispersity for model 3 compared to model 1. As can be seen in Figure 6.7(c), the other two 
models (both no PMU for propagation; model 2 and 4) have low Rprop to Rdeac ratios but their 
onsets are rather late, resulting in a reasonable microstructural control at high Xm but still less 
than with the complete PMU model. These slower onsets of the second initiation stage can be 
understood by comparing the propagation rate coefficients. The terminal propagation model 
results in a more pronounced build-up of dormant “12” macrospecies at the early stages of the 
ICAR ATRP, which can be mainly attributed to the much larger 𝑘𝑝,212
𝑐ℎ𝑒𝑚 rate coefficient for the 
terminal model (Table S.3 in Appendix). As such, during the second initiation stage, a larger 
amount of these dormant macrospecies needs to be “initiated”, i.e. activated, thus delaying the 
onset of the actual activation-growth-deactivation process. 
Finally, Figure 6.9 shows the evolutions of the <GD> profile for the 4 rate coefficient models 
(model 1-4) with the complete explicit microstructures at Xm=0.80 given in Figure D.9 in the 
Appendix. It follows that these profiles all possess a similar steepness corresponding to an 
intermediate gradient quality (cf. the discussion of Figure 6.6(c); full orange line). Closer 
inspection shows that the complete penultimate model predicts somewhat lower <GD> values at 
high Xm. Since the in silico <GD> property is rather sensitive to changes in monomer sequences, 
this implies that the best gradient quality is simulated with this model (model 1). Hence, even 
with the complete penultimate model in the present work with rather implicit penultimate effects 
(Table 6.1; similar r values; different s values), and thus coinciding F1,inst profiles as a function of 
conversion (Figure 6.7(c); cumulative copolymer composition fractions can be found in Figure 
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D.11. of the Appendix), changes for the microstructural control at a given overall monomer 
conversion can be observed. It can be expected that for a comonomer pair displaying stronger 
explicit PMU effects, an even more pronounced impact exists, as in that case also the 
instantaneous copolymer compositions as predicted by a terminal and penultimate model strongly 
deviate. Hence, penultimate models are not only needed to accurately describe time dependencies 
but also the microstructural control as a function of the overall monomer conversion. It should 
however be noted that the latter statement can only be fully confirmed in case in the future more 
reliable reactivity ratios for general comonomer pairs become available. 
 
Figure 6.9. Effect of penultimate unit (PMU) effects on the gradient quality (<GD>) at an overall 
monomer conversion of 0.8 for batch ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate (M2) 
at 363K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0; initial Cu(II) ppm level = 40 ppm) using a 
tertiary ATRP initiator (yellow spheres in Figure 6.3); full green lines: complete penultimate model 
(model 1); dashed-dotted blue lines: only PMU effects on ATRP (de)activation (model 2); dotted brown 
lines: only PMU effects on propagation (model 3); dashed red lines: complete terminal model (model 4); 
parameters: Table D.1 (Appendix). 
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6.3.3 Relevance of temperature effects 
In this subsection, the influence of the reaction temperature on the batch ICAR ATRP 
characteristics is investigated. In Figure 6.10(a)-(b), the results are shown for the evolution of Xm 
and the control over chain length applying a complete penultimate model at three temperatures, 
i.e. 343, 353, and 363 K, and keeping the other initial concentrations as specified before. It 
follows that a lower temperature results in a longer reaction time and a lower dispersity. This can 
be attributed to a lower Rprop/Rdeac (Figure 6.10(c); blue lines), reminding that ATRP deactivation 
can be seen as non-activated (Table S.1 in the Appendix). 
Making the trade-off between a sufficiently high polymerization rate and control over chain 
length, it follows that a high temperature is needed based on the literature parameters employed 
in the present work. By decreasing the temperature with only 20 K a too slow ICAR ATRP 
results and the gain in microstructural control cannot compensate this fully. The latter is partially 
a consequence of the still similar F1,inst values upon such a small temperature change (Figure 
6.10(c); green lines; cumulative copolymer composition fractions can be found in Figure D.11. of 
the Appendix). Furthermore, the gradient quality (see Figure D.10(a) in Appendix) is influenced 
only to a limited extent by changing the reaction temperature. 
It should be further stressed that it is crucial to account for the temperature dependency of the 
reactivity ratios. Typically in literature reactivity ratios determined at one temperature are input 
values in kinetic models applied at different temperatures. To illustrate the approximate nature of 
such implementation Figure 6.10(d-e) compares the simulation results at the reference 
temperature of 363 K (full lines) with those of simulations substituting the correct reactivity 
ratios by those at 293 K (dashed lines). As can be seen from the Xm profiles, the incorrect use of 
the reactivity ratios at 293 K leads to a slower polymerization (11 vs. 13 hours) and lower 
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dispersities (Figure 6.10(e)). The changes in propagation reactivity ratios are now also large 
enough to result in different F1,inst profiles (Figure 6.10(f) ; cumulative copolymer composition 
fractions can be found in Figure D.11. of the Appendix) and thus different instantaneous 
copolymer microstructures. This is further illustrated in Figure D.10(b) of the Appendix, which 
shows significant changes in the obtained gradient qualities for both cases. 
 
Figure 6.10. Influence of temperature on (a and d) overall monomer conversion as a function of time, (b 
and e) dispersity (dotted lines) and xn (full lines), (c and f) ratio of propagation rate to deactivation rate as 
a function of overall monomer conversion for batch ICAR ATRP of n-butyl acrylate (M1) and methyl 
methacrylate (M2) ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0; Cu(II) ppm level = 40 ppm) using a 
tertiary initiator (Figure 6.3 yellow spheres at 363 K); (a-c) full PMU model at 363 K (full lines), 353 K 
(dashed lines), 343 K (dotted lines), (d-f) full PMU model at 363K using correct reactivity ratios at 363 K 
(full lines), complete PMU model at 363 K but using the typical literature values for the reactivity ratios at 
293 K; parameters: Table D.1 (Appendix). 
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6.3.4 Effect of operation mode: batch vs. fed-batch operation 
Under the batch conditions explored before, F1,inst is not varying linearly with Xm (e.g. Figure 
6.4(f) and Figure 6.7(c)) and, hence, it is inherently difficult to obtain a high (linear) gradient 
quality. The naturally occurring gradient under batch conditions with only an increase of F1,inst at 
higher Xm is insufficient and thus fed-batch monomer feeding programs need to be applied in 
order to force a well-defined gradient into the copolymer product.
78-82
 In the case of ICAR ATRP, 
the situation is complicated due to the complex interplay between ATRP and conventional 
initiation, ATRP (de)activation, and propagation. As such not only the comonomers have to be 
gradually added but also the conventional radical initiator and ATRP deactivator in order to 
assure a good microstructural control. For the selected comonomer pair in the present work, this 
multicomponent fed-batch strategy was for instance illustrated by D’hooge et al.54 using for 
simplicity a terminal model. A key question that arises is whether the effectiveness of the fed-
batch multicomponent strategy strongly depends on the use of a terminal or penultimate model. 
Figure 6.11 compares the key results of a terminal (dashed lines) and complete penultimate (full 
lines) model under fed-batch conditions, using a similar feeding strategy as introduced by 
D’hooge et al.54 The ICAR ATRP is started with the total R0X batch amount and 5 mol% of the 
batch amount of one of the monomers (M1=nBuA), employing the same initial deactivator and I2 
concentrations as for the batch reference case. At an in situ monomer conversion of 0.8 minute 
amounts of both comonomers are each time added in pulsed manner in order to realize a linear 
relation between F1,inst and Xm, which is defined with respect to the batch amount (Figure 6.11(f); 
green lines) whilst at the same time adding deactivator and I2 in the same ratio as initially for the 
batch reference case. Note that this relation for F1,inst is a linear decrease (except at very high Xm) 
as a fed-batch strategy against the natural gradient (MMA to nBuA) is selected. As illustrated in 
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Table S.5 in the Appendix, other analogous starting procedures lead to unrealisticly high 
polymerization times or a loss of microstructural control, explaining the aforementioned multi-
component fed-batch strategy. 
 
Figure 6.11. (a) Overall monomer conversion (defined with respect to the batch amount) as a function of 
time, (b) dispersity (Ð, blue) and number averaged chain length (xn, green), (c) concentration of R0X 
(blue) and I2 (green), (d) concentration of dormant macrospecies (τ11, blue; τ22, green; τ12, red; τ21, brown; 
xy penultimate units), (e) concentration of deactivator (blue) and activator (green), (f) ratio of 
propagation to deactivation and instantaneous copolymer composition (F1,inst, green) as a function of the 
overall monomer conversion for ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate (M2) at 
363K using a fed-batch program with initially all batch R0X, 5 mol% of the batch nBuA amount and I2 and 
Cu(II) in the same concentration as the batch case; addition of both monomers at an in situ monomer 
conversion of 0.80 so that a linear decrease of F1,inst is obtained as a function of the overall monomer 
conversion with I2 and Cu(II) co-added in the feed with the same concentration as the initial batch case; 
batch reference conditions: [M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0=[M2]0; initial Cu(II) ppm level = 40 
ppm) for a full PMU (full lines) and terminal (dashed lines) model; parameters: Table D.1 (Appendix). 
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Figure 6.12. (a-b) Explicit copolymer composition of ca. 400 chains out of a representative polymer 
sample of 150000 chains at an overall monomer conversion (with respect to the batch amount) of 0.8 with 
(a) the complete PMU model (model 1), (b) the complete T model (model 4), and (c) gradient quality as a 
function of the overall monomer conversion; corresponding to Figure 6.11; parameters: Table D.1 
(Appendix). 
It follows from Figure 6.11(a) that with both models the fed-batch approach is very slow as 
compared to the corresponding batch cases (Figure 6.7(a); green complete (penultimate) and red 
dashed (terminal) line). High in situ monomer conversions are always requested under fed-batch 
conditions which require high reaction times between new monomer additions. On the other 
hand, the dispersities are lower and display a different steepness as a function of conversion 
(Figure 6.11(b) vs. Figure 6.7(b)), which can be related to the faster R0X consumption on a Xm 
basis (e.g. Figure 6.11(c) vs. Figure 6.4(c); penultimate model) and the lower Rprop/Rdeac values 
(Figure 6.11(f) vs. Figure 6.7(c)) compared to the batch counter case. Further inspection allows to 
conclude that in agreement with the batch case the terminal model cannot be used, as it reflects 
the wrong time dependencies (Figure 11(a)). However, on a Xm basis similar results are obtained 
for both models as witnessed by the similar dependencies for the dispersity (Figure 6.11(b)), 
dormant species concentrations (Figure 6.11(d)), Cu(II) concentrations (Figure 6.11(e)), and 
Rprop/Rdeac (Figure 6.11(f)) as a function of Xm.  
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The latter is also reflected in the plots for the explicit microstructure of the gradient copolymer 
products at a fixed Xm of 0.80, as shown in Figure 6.12(a)-(b). Clearly much better gradients 
compared to the batch reference cases are obtained (Figure 6.6(a-b)) but only a limited 
differentiation can be made between the terminal and penultimate model. Similar conclusions can 
be formulated for the <GD> evolution as function of Xm in Figure 6.12(c). Compared to the batch 
cases (Figure 9; full green line (penultimate) and red dashed line (terminal)), a much steeper 
decline as a function of Xm is obtained, indicative of a higher gradient quality. On the other hand, 
the differences between both models are very limited. 
 
Figure 6.13. Feeding rates of (a) n-butyl acrylate (M1), (b) methyl methacrylate (M2), (c) conventional 
radical initiation (I2), and (d) ATRP deactivator corresponding to Figure 6.11; parameters: Table D.1 
(Appendix). 
It should however be emphasized that an evaluation of the ICAR ATRP process on an Xm basis is 
purely theoretical and in practice of less added value. In practice, feeding rates need to be defined 
on a time basis, as for instance shown in Figure 6.13 for the studied fed-batch strategies in Figure 
6.11 (full lines: penultimate model; dashed lines: terminal model). Clearly different time 
dependencies are observed with both models under fed-batch conditions. A terminal model 
predicts too slow addition rates, highlighting that upon the existence of a PMU effect the correct 
fed-batch feeding rates cannot be approximated by the ones predicted via the commonly applied 
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terminal model. It is thus clear that penultimate models are highly recommended to guarantee a 
correct copolymer production.  
6.4 Conclusions 
Using matrix based kinetic Monte Carlo (kMC) simulations and literature kinetic parameters, it 
has been demonstrated that ICAR ATRP of n-butyl acrylate and methyl methacrylate cannot be 
accurately described and designed using the conventional terminal model but instead a 
penultimate model should be used for both the calculation of the propagation and ATRP 
(de)activation rate coefficients. 
Grid kMC simulations, covering both a variation of the batch reaction conditions and the 
conventional radical and ATRP initiator type, are of high added value to fully map the potential 
of the ICAR ATRP technique and to identify a suitable reaction system capable of a fast 
polymerization and acceptable degree of microstructural control. The nature of the ATRP initiator 
was shown to have a profound effect on the main ICAR ATRP characteristics. A secondary 
ATRP initiator leads to a slow initiation as a function of the overall monomer conversion, 
deteriorating the microstructural control. A tertiary ATRP initiator resolves this issue at the cost 
of an increase of the polymerization time. Due to the penultimate nature of the polymerization 
process the relative contributions of the dormant species types is different under batch conditions, 
with even a two-stage initiation involving a first disappearance of the tertiary ATRP initiator and 
a second disappearance of MMA terminal dormant oligomeric species. Furthermore, intermediate 
Cu ppm levels and initial molar ratios of monomer to ATRP initiator are beneficial and the 
optimal polymerization temperature should be as high as 363 K. Under such premises, the 
aforementioned two-stage initiation is sufficiently fast and the ratio of the propagation rate to the 
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ATRP deactivation rate (Rprop/Rdeac) is sufficiently low. Under these optimized batch conditions 
only an intermediate gradient quality is obtained, as deducible upon a visual inspection of the 
explicit polymer microstructure of the individual chains and as reflected in the non-steep <GD> 
profile. 
Upon a comparison of the batch simulations accounting for PMU effects and those using a 
terminal model it becomes clear that both PMU effects for propagation and ATRP (de)activation 
are crucial. The former are more relevant at lower overall monomer conversions and the latter at 
higher. The degree of microstructural control could again be linked to the efficiency of the two-
stage initiation and Rprop/Rdeac. Notably a terminal model predicts a too slow polymerization 
process and too low microstructural control. The kMC model has also been successfully applied 
to demonstrate that the temperature dependency of the penultimate reactivity ratios needs to be 
taken into account. It is thus not afforded to plug in fixed values as a determined at room 
temperature, as is typically done in kinetic studies on copolymerization, is to be avoided. The 
instantaneous copolymer compositions deviate strongly, resulting in different individual 
monomer sequences and <GD> values. 
Finally, it has been demonstrated that multicomponent fed-batch strategies allow to increase the 
gradient quality. In particular a much steeper <GD> profile is obtained, although accompanied by 
a strong increase of the reaction time. In agreement with the batch simulation results, a terminal 
model fails in the identification of the most appropriate feeding rates as a function of the reaction 
time. Too low addition rates are predicted, resulting in an incorrect model-based design.  
Overall the present work suggests that future kinetic copolymerization modeling studies should 
evaluate whether penultimate rate coefficients are needed. As a corollary, attention should be paid 
to the determination of such rate coefficients in order to improve the fundamental understanding 
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of radical polymerization processes in general and to fully develop the potential of RDRP 
techniques in particular. 
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Chapter 7. A qualitative evaluation of the impact of SG1 disproportionation and 
the addition of styrene in nitroxide mediated polymerization of methyl 
methacrylate 
Summary 
A detailed kinetic study, employing a kinetic Monte Carlo (kMC) model, is presented for batch 
nitroxide mediated polymerization (NMP) of methyl methacrylate (MMA; nitroxide: N-tert-
butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)] (SG1)), focusing on the improved 
quantification of the effect of SG1 disproportionation in the absence and presence of styrene (up 
to 10 mol%). Arrhenius parameters for this SG1 disproportionation (A = 1.4 10
7
 L mol
-1
 s
-1
; Ea = 
23 kJ mol
-1
) are reported, based on MMA homopolymerization data accounting for unavoidable 
temperature variations with increasing reaction time, i.e. non-isothermicity. For low targeted 
chain lengths (TCLs ≤ 300), this non-isothermicity also affects the copolymerization kinetics if a 
small amount of styrene is added to improve the microstructural control by lowering the average 
(de)activation equilibrium and the relevance of SG1 disproportionation. Parameter tuning to an 
extensive set of comonomer conversion, number average chain length and dispersity data 
indicates a penultimate monomer unit effect for NMP activation (sa2 = ka21/ka22=6.7; 363 K). To 
obtain, for a broad range of TCLs (up to 800), a dispersity well below 1.3 an initial styrene mass 
fraction of ca. 10% is required. The kMC model allows to visualize the monomer sequences of 
individual chains and indicates that the dormant macrospecies possess a terminal styrene unit. An 
interpretation of the comonomer incorporation is further performed by calculating the fractions of 
activation-growth-deactivation cycles with a given amount of monomer units and the fractions of 
chains with a given % of styrene units. This work will be submitted in Macromolecules 
(envisioned)  
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7.1 Introduction 
The advent of reversible deactivation radical polymerization (RDRP) techniques has allowed the 
polymerization of many monomer families with a level of microstructural control unachievable 
using conventional free radical polymerization (FRP).
1-7
 This microstructural control relates to a 
low dispersity (Ð < 1.3) and a high end-group functionality (EGF > 0.9). Among the developed 
RDRP techniques, nitroxide mediated polymerization (NMP) is one of the oldest and most 
frequently employed,
8-12 
along with atom transfer radical polymerization (ATRP),
13-15
 single 
electron transfer – living radical polymerization (SET-LRP),16, 17 and reversible addition-
fragmentation chain transfer (RAFT) polymerization.
18, 19
 
The principle of NMP, as illustrated in Figure 7.1(a) for a copolymerization with the comonomers 
methyl methacrylate (MMA) and styrene, relies on the reversible deactivation of (macro)radicals 
into dormant (macro)species (RiX; i ≥ 0) by a nitroxide X (kda(0)). The latter species, originally 
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO), is initially released upon the activation of an 
alkoxyamine initiator (R0X; ka0) and undergoes accumulation via the so-called persistent radical 
effect, due to unavoidable termination (ktc/td).
20, 21
 The dormant macrospecies are temporarily 
activated (ka) into macroradicals that can increase ideally their chain length by addition of a 
limited number of (co)monomer units before being deactivated again into the resulting longer 
macrospecies. Under well-chosen conditions, the final number average chain length (xn) is given 
by the initial molar ratio of monomer to R0X, which is also known as the targeted chain length 
(TCL). 
The mechanistic simplicity and catalyst-free nature of NMP can be considered as major benefits 
in comparison with other RDRP techniques. On the other hand, NMP typically suffers from 
several drawbacks, such as long reaction times (over several hours), high reaction temperatures 
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(> 100 °C), side-reactions and, probably most importantly, a limited monomer range allowing 
only sufficient microstructural control for styrenics and acrylates.
8
 Part of these disadvantages 
have been resolved by the development of novel nitroxides and alkoxyamines, which lead to 
more active NMP systems and are expected to be less prone to side reactions. The most popular 
and successfully applied second-generation nitroxide is N-tert-butyl-N-[1-diethylphosphono-(2,2-
dimethylpropyl)] (SG1) with the most commonly associated R0X being N-(2-methyl-2-propyl)-
N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxyprop-2-yl) hydroxylamide 
(BlocBuilder MA or MAMA-SG1; Figure 7.1(b)).
22, 23
 
 
Figure 7.1. (a) Principle of nitroxide mediated copolymerization (NMP) of methyl methacrylate (MMA) 
and styrene using an alkoxyamine (R0X) as initiator; k rate coefficient, neglecting for simplicity the 
copolymerization aspect; (d)a, p, tdX, td, tc: (de)activation, propagation, termination via 
disproportionation involving a nitroxide, termination via disproportionation involving macroradicals, 
termination via recombination involving macroradicals; 0: NMP initiator related; M: monomer, XH: 
hydroxylamine, = to denote unsaturated double bond; targeted product with number average chain length 
equal to initial molar ratio of monomer to R0X: top left; (b) chemical structure of BlocBuilder MA, the R0X 
used in the present work. 
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NMP of methacrylates with well-defined microstructural control remains a challenge, even with 
these second generation nitroxides. The reason for this failure is a too high activation/deactivation 
equilibrium coefficient (Keq=ka/kda) and the dominant occurrence of disproportionation reactions 
involving nitroxide species. These reactions are β-hydrogen transfer reactions, leading to the 
formation of hydroxylamines (XH in Figure 7.1(a)) and polymer chains with an unsaturated 
chain-end (ktd,X in Figure 7.1(a)).
24, 25
 Both an intra- and intermolecular pathway (ktdX in Figure 
7.1(a)) have been put forward.
26-28
 For the SG1 nitroxide and the MMA monomer, the 
intermolecular pathway has been put in forward in most studies as the most plausible one.
25, 29, 30
 
A breakthrough for controlling NMP of methacrylate monomers was realized with the so-called 
copolymerization approach.
31, 32
 This approach relies on the addition of a small amount of 
comonomer that under homopolymerization conditions leads to a NMP with a much lower Keq 
than the one for MMA homopolymerization. For the copolymerization, the formally observed 
(de)activation equilibrium coefficient (<Keq>), as theoretically introduced by Charleux et al.
31
, 
becomes thus lower than the Keq for MMA. The actual <Keq> value depends on factors, including 
the NMP activation/deactivation and propagation rate coefficients of both comonomers and the 
initial monomer molar fractions.
31
 Nicolas et al.
33
 explored this aspect in their isothermal and 
intrinsic kinetic modelling study to identify suited copolymerization conditions.
33
 Initially, the 
controlling comonomer was mostly a styrenic monomer.
23, 32, 34
 In a later stage, also other 
controlling comonomers have been considered such as acrylonitrile and 9-(4-vinylbenzyl)-9H-
carbazole.
35, 36
 
Even though for the SG1 nitroxide promising results have been obtained using the 
copolymerization approach, reasonable microstructural control was only obtained for rather low 
chain lengths (TCL < 500) and for relatively high initial controlling comonomer amounts (> 8 
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mol %), implying microstructural deviations from the targeted homopolymerization product. 
These constraints indicate that even with the copolymerization approach ktd,X is still a kinetic 
parameter affecting the microstructural control, and encouraged further research into so-called 
third-generation nitroxides. Focus has been on (i) minimizing the nitroxide disproportionation 
reaction rate for active NMP systems and (ii) further lowering <Keq>. Several nitroxides have 
been investigated as reviewed by Nicolas et al.,
24
 who concluded that 2,2-diphenyl-3-
phenylimino-2,3-dihydroindol-1-yloxyl (DPAIO) could be a promising nitroxide for NMP of 
MMA. However, DPAIO displays limitations towards NMP of styrenic and acrylate monomers. 
More recently, novel alkoxyamines bearing cyanopropyl groups have been developed by Ballard 
et al.
37
 These alkoxyamines can be employed to acceptably control methacrylates (Ð of ca. 1.3), 
which was mainly attributed to a lowering of ktd,X. Moreover, some of these alkoxyamines were 
also able to successfully control the homopolymerization of styrene, an important prerequisite for 
the synthesis of block copolymers.
38
 
It should be realized that active radical polymerization systems leading to high polymerization 
rates can induce, even at lab-scale, non-isothermicity and thus a temperature variation with 
increasing reaction time. Typically such non-isothermal conditions are associated with bulk free 
radical polymerization (FRP) of exothermic monomers such as vinyl chloride and n-butyl 
acrylate (nBuA).
39-42
 Recent research has shown that for nBuA radical polymerization in solution 
and even under RDRP conditions temperature spikes can be obtained, complicating the kinetic 
description and promoting side reactions.
40, 42, 43
 For RDRP of less reactive monomers such as 
styrene and MMA it is often taken for granted that isothermicity can be assumed.
35, 44-46
 It should 
be noted that microreactors has shown to be beneficial to ensure isothermicity. However, they do 
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require diluted conditions and limited conversions, taking into account practical pressure drops. 
Hence, in general solvent effects cannot be avoided.
40, 47
 
In the present work, it is demonstrated that for typical lab-scale experiments for bulk NMP of 
MMA initiated by BlocBuilder a strong non-isothermicity is obtained with increasing time, 
despite temperature control and therefore the use of set-point. The non-isothermicity complicates 
the ktd,SG1 parameter determination and requires the use of Arrhenius parameters to describe the 
polymerization kinetics, even if a single set temperature is considered. It is further demonstrated 
that non-isothermicity can also be still present upon the addition of small amount of styrene as 
comonomer, in particular at low TCLs. For NMP with MMA and styrene as comonomers, a large 
set of experimental data is reported to fully understand the comonomer incorporation kinetics and 
to map the impact of disproportionation with SG1. For this purpose, a kinetic Monte Carlo (kMC) 
model is employed capable of visualizing the monomer sequences of individual copolymer 
chains.
48-50
 Attention is focused on the efficiency of the activation-growth-deactivation cycles and 
the identification of optimal reaction conditions in view of a minimization of the amount of 
styrene comonomer units. 
7.2 Experimental 
7.2.1 Materials 
Alkoxyamine NMP initiator N-(2-methyl-2-propyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-
O-(2-carboxyprop-2-yl) hydroxylamide (BlocBuilder MA or MAMA-SG1; Arkema; 97%) is 
used without further purification. Methyl methacrylate (MMA; M1, ≥99%, Sigma Aldrich) and 
styrene (M2, ≥99%, Sigma Aldrich) were passed through a column filled with basic aluminum 
oxide to remove the inhibitor monomethyl ether hydroquinone and the stabilizer 4-tert-
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butylcatechol. Dichloromethane (DCM, ≥99,8%, Sigma-Aldrich), n-decane (≥99%, Sigma-
Aldrich), deuterated chloroform (CDCl3, ≥99.8%, Euroiso-top), and tetrahydrofuran (THF, 
≥99.9%, Sigma-Aldrich) were used as received. 
7.2.2 NMP synthesis and analysis 
For batch bulk NMP of MMA with or without a small amount of styrene, the desired amount of 
BlocBuilder was weighted and added to a 100 mL three-neck Schlenk flask (batch reactor) 
containing a magnetic stirrer. The desired amount of styrene was added using a micropipette 
together with 30 mL of MMA. In case of GC analysis in view of the determination of comonomer 
conversions, the internal standard n-decane (6.25 vol%) was added using a micropipette after 
which a stopcock was attached to the upper neck and the other necks were sealed off using silicon 
septa. In a next step, three freeze-pump-thaw cycles were performed to degas the solution, after 
which an argon atmosphere was created inside the flask using a balloon attached to the stopcock. 
A thermocouple was inserted through one of the septa in order to monitor the actual reaction 
temperature. The flask was submerged into a pre-heated oil bath thermostated at the desired 
reaction temperature, which was defined as the set-point (Tset). Samples (0.3 mL) were withdrawn 
using degassed syringes. For the copolymerization the set-point was always taken as 363 K to 
ensure a sufficiently high polymerization rate. 
For homopolymerization, the MMA conversion was determined using 
1
H nuclear magnetic 
resonance (NMR). The spectra were recorded at 400 MHz and ambient temperature with CDCl3 
as solvent, using a Bruker Avance II spectrometer equipped with a Broadband Observe probe. 
For copolymerization, the conversions of both comonomers were determined using a trace-GC 
ultra-Gas Chromatograph equipped with an AS3000 auto sampler, flame ionization detector, and 
a CP Wax 52 CB 30 m capillary column. The injector and detector temperature were set at 
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275°C. Helium (flow rate: 1.3 mL min
-1
) was used as carrier gas and a stepwise temperature 
program was set as follows: 40 °C during 4 min, followed by a heating ramp of 20 °C min
-1
 until 
a temperature of 145 °C was reached, which was maintained for 2 minutes. n-Decane was used as 
internal standard and dichloromethane (DCM) as solvent to prepare the samples. Data acquisition 
and processing were performed with Chrom-Card Trace-Focus GC software. 
Size exclusion chromatography (SEC) analysis was performed using a PL-GPC50 plus 
instrument equipped with a PL-AS RT auto sampler and a refractive index (RI) detector. 
Following columns were connected in series: one Resipore 50 7.5 mm guard column and two 
Resipore 300 7.5 mm columns. THF is used as eluent (1 mL min
-1
) at a temperature of 30°C. 
Calibration was based on pMMA standards (Medium EasiVials kit, Agilent Technologies) 
respectively ranging from 5.5 10
2
 to 2.1 10
6
 g mol
-1
 and correcting for the copolymer nature 
based on Mark-Houwink parameters. Data acquisition and processing was performed using PL 
Cirrus GPC/SEC software. Error bar assessment is explained in Section S.4 of the Appendix, 
based on data of typical polymerization experiments. An overview of all experiments can be 
found in Appendix (Section S.1.). End-group functionality (EGF) data have not been recorded as 
they are tedious and error sensitive based on previous experimental NMP studies.
29, 32
 
7.2.3 Kinetic model 
The kinetic Monte Carlo (kMC) model as previously developed for RDRP copolymerization is 
considered, denoting MMA as monomer 1 (M1) and styrene as monomer 2 (M2).
48-50
 It enables to 
follow the temporal evolution of the explicit microstructure of individual polymer chains as well 
as the tracking of the individual reaction events. The list of all homo- and copolymerization 
reactions and the Arrhenius parameters can be found in the Appendix (Table S.2). Rate 
coefficients have in principle two indices with the first one referring to the penultimate unit and 
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the second one to the terminal unit. All NMP non-specific and most of the NMP specific 
parameters are based on literature data.
32, 33, 50-52
 Only for the disproportionation reaction 
involving nitroxide and one of the NMP cross-activation rate coefficients (ka12) parameter tuning 
to the experimental data is performed: homopolymerizaiton data for the former and 
copolymerization data for the latter. 
A penultimate monomer unit (PMU) effect on both the propagation and NMP activation 
reactivity is accounted for in the copolymerization simulations. Hence, for these reactions the 
reactivity can depend on the last two monomer units next to the radical center. The penultimate 
propagation rate coefficients are based on literature data.
53, 54
 For MMA and styrene as 
comonomer pair, the so-called implicit PMU propagation model is used, as it has shown to 
provide an adequate description of both copolymer composition and polymerization rate data 
over a broad range of monomer feeding compositions.
33, 54, 55
 For NMP activation, also PMU 
literature data are used.
33
 Only the NMP cross-activation rate coefficient for dormant species with 
as penultimate unit MMA and as terminal unit styrene (ka12) is tuned, based on the 
copolymerization data in the present work. In practice, this comes down to a tuning of the 
reactivity ratio sa2 (= ka21/ka22), as ka22 is taken from literature.
33
 The reactivity ratios for 
propagation and NMP activation are assumed to be temperature independent, taking into account 
that no Arrhenius parameters have been reported and typically the activation energies are between 
0 and 10 kJ mol
-1
.
56
 As shown in Section S.2 of the Appendix, indeed, the use of Arrhenius 
parameters in this range has a negligible effect on the simulation outcome. The NMP deactivation 
rate coefficients are assumed to be dependent only on the terminal unit, in accordance with the 
kinetic study of Nicolas et al.
33
 For the actual rate coefficients literature data
51
 are used, except 
for NMP of MMA for which preliminary model screening indicated that an increase of the 
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literature kda11 with a factor 10 leads to a better qualitative description of the experimental 
homopolymerization trends as reported in the present work. 
Furthermore, if the terminal monomer unit of macroradical is a MMA unit, disproportionation 
with SG1 (ktd,SG1; ktdX in Figure 7.1) is considered. It is assumed that an intermolecular H-transfer 
takes place, in accordance with the majority of experimental and kinetic studies.
25, 29, 30
 The 
Arrhenius parameters have been determined in this work while accounting for non-isothermicity 
and focusing only on the MMA homopolymerization experiments. Preliminary simulations 
indicated the negligible impact of macropropagation after a disproportionation step (see Figure 
E.2 Appendix). 
To accurately describe conventional termination (ktd/tc in Figure 7.1(a)), conversion and chain 
length dependent apparent rate coefficients are used.
57
 As MMA is in excess with respect to 
styrene, it is assumed that the apparent copolymerization termination is affected by diffusional 
limitations to the extent as for the homopolymerization of MMA. The empirical expression for 
MMA determined by Derboven et al.
58
 is used. The contributions of the mode of termination, i.e. 
disproportionation versus recombination, are calculated based on the nature of the terminal units 
of the participating radicals. For the other reaction steps, diffusional limitations can be ignored at 
least to a first approximation.
57
 More details can be found in the Appendix. 
For a reliable comparison with experimental data, the integration ranges of the experimental SEC 
analyses were explicitly used for the calculation of the xn and Ð evolutions and the related 
simulated chain length distributions (CLDs). 
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7.3 Results and discussion 
A kMC model-based design of NMP of MMA with small amounts of styrene and initiated by 
BlocBuilder (MAMA-SG1) is presented, focusing on the incorporation of the latter comonomer 
at the level of the individual macromolecule. To allow for a reliable design of the 
copolymerization, NMP with only MMA, thus the homopolymerization, is studied first and it is 
shown that non-isothermicity must be accounted for to fully understand the relevance of ktd,SG1. 
7.3.1 BlocBuilder initiated NMP of MMA 
NMP of MMA with SG1 is characterized by a strong loss of microstructural control leading to 
low final monomer conversions. The three pathways toward the formation of dead polymer 
molecules (no X moiety), as shown in Figure 7.1(a), are (i) termination by recombination 
between two macroradicals (ktc); (ii) termination by disproportionation between two 
macroradicals (ktd); and (iii) disproportionation of a macroradical with SG1 (ktdX).
25, 29
 The latter 
was shown in previous studies to be the main contributor, especially if free SG1 is initially 
added.
25, 30
 A good estimate of the associated ktd,SG1 is not only paramount for the accurate 
description of the homopolymerization data but also for the description of NMP of MMA with a 
small amount of styrene.
33 
A first attempt for quantifying ktd,SG1 has been made by Dire et al.
29
 using a Predici© kinetic 
model to describe experimental data with a set point of 343 K for various initial levels of free 
nitroxide. However, several assumptions were made during this study adding a high degree of 
uncertainty to the reported value (ktd,SG1 = 1.7 10
3
 L mol
-1
 s
-1
). A first implicit assumption is the 
isothermicity of the experiments, which for active radical polymerization systems can be difficult 
to achieve. Diffusional limitations on conventional termination, i.e. termination between 
macroradicals, which are known to be strong in MMA radical polymerization, have also been 
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neglected.
58, 59
 As conventional termination and disproportionation with SG1 are in direct 
competition (see Figure 7.1(a)), this simplification is expected to lead to a biased ktd,SG1 parameter 
assessment. A more recent experimental study by Edeleva et al. focusing on small molecule 
analogues and based on 
1
H and 
31
P NMR spectroscopy also quantified ktd,SG1 at 343 K as 
1.7 10
3
 L mol
-1
 s
-1
.
25
 However, the kinetic study has not been performed under bulk 
polymerization conditions and at the same time (de)activation rate coefficients related to MMA-
SG1 had to be tuned based on a limited data set. 
In the present work, MMA homopolymerization experiments at three different set temperatures 
(333, 343 and 353 K; red lines in Figure 7.2(a-c)) are considered. Temperature monitoring in the 
reaction mixture is performed to (i) quantify possible non-isothermicity and (ii) provide the 
temperature evolutions as a direct input for the kinetic model used for the ktd,SG1 determination. 
As can be seen from the measured temperature evolutions (Figure 7.2 (a-c); green lines) strong 
non-isothermal conditions are established as a function of time with maximum temperature 
overshoots of respectively 13, 21, and 23 K with respect to the set temperatures. Moreover, 
looking at the measured MMA conversion profiles (Figure 7.2 (d-f)), it can be seen that the 
majority of the MMA conversion occurs during the non-isothermal time period. Hence, it follows 
from Figure 7.2 that it is of utmost importance to describe the experimental data with a kinetic 
model including Arrhenius parameters, as more activated reactions will gain in relative 
importance at an increased temperature. 
Using literature data
33, 58, 60
 for the other reaction steps, parameter adjustment to monomer 
conversion (symbols in Figure 2) and average chain length data (symbols in Figure 3) allows to 
deduce that: 
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𝑘𝑡𝑑,𝑆𝐺1(L mol
−1s−1) = 1.40 107  exp (
−22.5 103
𝑅 𝑇
) (3) 
in which R is the universal gas constant and T the temperature. The simulation results for the 
MMA conversion profiles, using Equation (3), are provided as green lines in Figure 7.2 (d-f) with 
the corresponding evolutions for xn and Ð given in Figure 7.3. A good agreement with the 
experimental data is obtained. In Figure 7.2 and Figure 7.3, the simulation results are also 
included if isothermicity is incorrectly assumed (red lines; temperature directly and always at 
Tset). A very different MMA conversion evolution results and the experimentally observed 
cessation of the polymerization cannot be captured in Figure 7.2, clearly showing that the 
isothermal model cannot be applied. Furthermore, both the experimental and simulated data in 
Figure 7.3 indicate that non-isothermicity leads to much higher initial xn and Ð values, whereas at 
higher MMA conversions more similar profiles are obtained. The EGF profiles are given in 
Appendix (Figure E.3). 
The observed trends and the differences between the non-isothermal (green lines) and isothermal 
(red lines) simulations can be explained by an analysis of the reaction rates. As shown in previous 
modeling studies on NMP
56, 61
 it is recommended to focus on (i) the ratio of the propagation to 
deactivation rate (Rprop/Rdeac), (ii) the (conventional) termination rate probability (Pterm), and (iii) 
the probabilities for additional side reactions, which is in this case restricted to the probability for 
disproportionation involving nitroxide (Ptd,X). Figure E.4 (a-c) in the Appendix show that 
Rprop/Rdeac has very high initial values for the non-isothermal case. Since deactivation is non-
activated in contrast to propagation, temperatures above the set-point as encountered in the non-
isothermal case result in more uncontrolled NMP kinetics and thus a faster monomer 
incorporation. Due to the initial temperature spike, a more pronounced loss of control over chain 
length also results at low reaction times, explaining the deviations between the isothermal and 
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non-isothermal case in Figure 7.2 and Figure 7.3 at low MMA conversions. On the other hand, 
Rprop/Rdeac (Figure E.4 (a-c) in the Appendix) decreases significantly towards higher MMA 
conversions as a build-up of nitroxide is obtained (Figure E.3 (d-f) in the Appendix). Differences 
between non-isothermal and isothermal conditions become thus somewhat less important, 
explaining for instance the more similar green and red lines in Figure 7.3 at the higher MMA 
conversions. 
 
Figure 7.2. Effect of non-isothermicity for NMP of MMA (TCL = 200) initiated by BlocBuilder; (a-c): 
experimentally recorded temperature (green lines) and targeted set temperature (red lines); (d-f): 
corresponding experimental (points) and simulated (lines) MMA conversion profiles for Tset: 333 K (a, d; 
full lines and squares), 343 K (b, e; dashed lines and circles) , 353 K (b, e; dashed-dotted lines and 
triangles); red lines correspond to simulation outcome if an isothermicity is incorrectly assumed; 
parameters: Table S.2 (Appendix) and Equation (1); initially: room temperature; bars: typical 
experimental error. 
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Figure 7.3. Corresponding results to Figure 7.2 for (a-c) number average chain length (xn) and (d-f) 
dispersity (Ð) as a function of MMA conversion (points: experiments, lines: simulations). 
Pterm (Figure E.4 (d-f) in the Appendix) also shows high initial values and this more pronounced 
under non-isothermal conditions, reflecting the high Keq specifically at increased temperatures. 
Low EGF values (EGF < 0.5) thus result at low MMA conversions, as confirmed in Figure E.3 in 
the Appendix. In agreement with the trend for Rprop/Rdeac, under both isothermal and non-
isothermal conditions Pterm almost approaches zero towards higher MMA conversions. This is 
caused by the strong impact of diffusional limitations on conventional termination, contributing 
to a lower apparent termination reactivity and therefore conventional termination rate. 
Furthermore, lower macroradical concentrations are present at these higher conversion due to R0X 
depletion (Figure E.3(d-f) in the Appendix). Again at higher batch times the relevance of the non-
isothermicity is thus somewhat suppressed. 
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Figure 7.4. Evolution of probabilities for termination by disproportionation as a function of MMA 
conversion related to Figure 7.2 and 7. 
Ptd,X (Figure 7.4 (a-c)) is initially very low, since almost no nitroxide is present. As the nitroxide 
builds up due to conventional termination as highlighted above, a clear increase in Ptd,X occurs at 
higher batch times and this more clearly for the non-isothermal case. The fraction of dead 
polymer formed by disproportionation to nitroxide (Figure E.3 (g-i) in the Appendix) thus 
increases toward higher MMA conversions and even accounts in the end for more than 60% of 
the formed dead polymer chains. Since diffusional limitations can be ignored for this 
disproportionation reaction due to a too low intrinsic reactivity, a full transition to a dead polymer 
system (EGF of zero) can be obtained through this reaction pathway. Towards high MMA 
conversions, the polymerization rate is also strongly reduced, in particular for the non-isothermal 
case. Figure E.3(a-c) in the Appendix shows how EGF indeed approaches zero, thereby lowering 
the radical concentration as soon the NMP initiator is completely consumed, as highlighted 
above. This further confirms the importance of the homopolymerization experiments in view of 
the ktd,SG1 determination. 
Figure 7.5 displays the mass CLDs at a given MMA conversion (ca. 0.35) for the three set 
temperatures, again differentiating between the experimental results (black lines), the simulated 
results with the non-isothermal model (green lines), and the simulated results with the isothermal 
model (red lines). The latter model globally performs worse as the tail of the CLD is less well-
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described, i.e. too high chain lengths are simulated. The non-isothermal model leads on average 
to a higher contribution of shorter chains due to the enhanced termination probability which is 
reflected in the better description of the tail of the CLDs. 
 
Figure 7.5. Mass chain length distribution (CLD) via SEC measurements (black lines) and via non-
isothermal (green lines) and incorrect isothermal (red lines) simulations corresponding to Figure 7.2 at 
(a) Tset = 333 K and XMMA = 0.37 (full lines), (b) Tset = 343 K and XMMA = 0.31 (dashed lines), (c) Tset = 
353 K and XMMA = 0.31 (dashed-dotted lines). 
Using Equation (3), at 343 K, a value of 5.3 10
3
 L mol
-1
 s
-1
 is obtained, i.e. an increase with ca. a 
factor 3 compared to previous studies (ktd,SG1 = 1.7 10
3
 L mol
-1
 s
-1
).
25, 29
 Figure E.4 in the 
Appendix shows the description of the conditions in Figure 7.2 and 7 using this literature value, 
assuming isothermicity in agreement with the kinetic modeling work of Dire et al.
29
 Significant 
deviations are obtained with the simulation results of Figure 7.2 and Figure 7.3 (green lines), 
further highlighting the approximate nature of the isothermal model. 
7.3.2 BlocBuilder initiated NMP of methyl methacrylate with a small amount of styrene 
For NMP of MMA and styrene, a large experimental data set for various TCLs (200-750) and 
initial styrene amounts (up to 10 m%) has been collected (Figure 7.6). The set temperature is 
taken equal to 363 K in order to ensure a fast polymerization even for the higher TCLs. The 
overall monomer conversion, i.e. of both monomers jointly, is denoted as XM. Temperature 
recording showed that only for the lower TCLs non-isothermicity is relevant. In particular, at a 
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TCL of 200, an overshoot of 3.5, 8, and 10 K is measured for an initial styrene mass fraction of 
10, 5 and 2.5 m% (Section S.7 of the Appendix). 
 
Figure 7.6. Comparison between simulation (lines) and experiments (points) for NMP of MMA and 
styrene initiated by BlocBuilder for a Tset of 363 K: (a-c) MMA conversion, (d-f) styrene conversion as a 
function of time, (g-i) number average chain length, (j-l) dispersity as a function of overall conversion 
(XM) for a TCL of 200 (left), 500 (middle), and 750 (right) for distinct initial mass fractions of styrene: 10 
(green full lines/squares), 7.5 (brown dashed-dotted lines/diamonds), 5 (blue dashed lines/circles), and 2.5 
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(red dotted lines/triangles). Recorded temperature evolution and comparison with isothermal simulations 
can be found in the Appendix (Figure E.6-E.7). Only at low TCLs non-isothermicity is relevant; model 
parameters see Section E.2-3 (Appendix) 
For the simulation results in Figure 5, the only parameter that has been adjusted in order to obtain 
an adequate description of all experimental copolymerization data is sa2 (= ka21/ka22; ka22 
according to literature
50
). A constant value of 6.7 is put forward in the presented work. This value 
is slightly smaller than the one published in literature and as such this work predicts a slightly 
weaker PMU effect on activation of terminal styrene macrospecies.
33, 62
 Note that for terminal 
MMA macrospecies (sa1) a literature value was used.
33
 The use of constant value is defendable 
reminding that a large part of the data points in Figure 5 are obtained under isothermal conditions. 
Preliminary simulations (Section E.2 of the Appendix) additionally showed the limited impact of 
temperature dependencies on the reactivity ratios, highlighting that the determination of their 
activation energies is not needed from a kinetic point of view and recommendable from a 
parameter estimation point of view. Since the sa2 value is higher than 1, the presence of a MMA 
unit before a terminal styrene unit enhances the NMP activation, in line with the MMA 
homopolymerization results. Figure E.17 in the Appendix also demonstrates that neglecting the 
PMU effect on activation (sa2 =1) leads to a very approximate kinetic description. Furthermore, 
Figure 7.7 shows that also a good agreement between the experimental and simulated CLDs 
(TCL=200) is obtained. 
For every condition in Figure 7.6 a steep initial increase of both comonomer conversions is 
obtained as for the homopolymerization case (Figure 7.2), which then levels off to a quasi-linear 
increase later on. These quasi-linearities can be understood by considering the comonomer 
fraction profiles (Figure E.9 in Appendix), which show a depletion of styrene with respect to the 
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initial content as the NMP proceeds. As styrene functions as the controlling monomer, the typical 
NMP rate retardation due to a well-established persistent radical effect, is less relevant at higher 
batch times. A typical downward curvature for the comonomer conversion profiles is thus 
compensated for ultimately resulting in a quasi-linearity. For the lowest TCL (first column in 
Figure 7.6) and the lower initial styrene amounts (red (2.5 m%) and blue (5 m%) lines), the initial 
comonomer conversion increases are even very steep. As NMPs with a lower TCL are inherently 
faster due to a higher initial R0X concentration, it can be expected that they are more prone to 
temperature variations. This is specifically true if they have low initial styrene contents and thus 
resemble more the homopolymerization process. Indeed as shown in the Appendix, isothermal 
simulations cannot predict the experimental observations at for instance a TCL of 200 and for an 
initial styrene amount of 2.5 m%. 
 
Figure 7.7. Mass chain length distribution (CLD) via SEC measurements (dots) and simulations (lines) 
corresponding to Figure 7.6 (TCL = 200) for an initial mass fraction of styrene of 10 (green full lines; XM 
= 0.38), 5 (blue dashed lines; XM = 0.37) and 2.5 (red dotted lines; XM = 0.42). 
The deleterious effect of a lower initial styrene amount can also be seen in the Ð profiles in 
Figure 7.6. As shown in the Appendix (Figure E.7-E.8), the reduced control over chain length is 
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also accompanied by a stronger decrease in EGF, which is more pronounced for higher TCLs. As 
for the homopolymerization these trends for the control over chain length and livingness can be 
related to variations for Rprop/Rdeac, Pterm, (Figure E.10). Moreover, Ptd,X (Figure 7.8) specifically 
shows that the relevance of the side reaction is significantly lowered by the presence of styrene 
and this more pronounced for a lower TCL. 
 
Figure 7.8. Probabilities for disproportionation involving SG1 nitroxide corresponding to Figure 7.6. 
With the model parameters being validated (Figure 7.6-8), the effect of the reaction times and 
levels of microstructural control can be mapped in silico over a broad range of TCLs and initial 
mass fractions of styrene. This is done in Figure 7.9 with the focus on the region of at most a very 
limited effect of non-isothermicity (TCL ≥ 300; initial styrene mass fraction ≥ 0.03) and selecting 
a XM of 0.50. It follows from this figure that low dispersities can be obtained (Ð < 1.3) for the 
entire TCL range, provided that the initial styrene fraction is sufficiently high (> 9 m%). A 
reasonable EGF (> 0.7) is however limited to TCLs below 500, even for high initial styrene 
contents. 
Furthermore, an advantage of the kMC model is the possibility to track the chain growth of every 
single molecule for a representative polymer sample, e.g. starting with 2 10
5
 NMP initiator 
molecules. With the convention to color MMA units in beige and styrene units in blue, Figure 
7.10 shows for two different initial mass fractions of styrene (5 and 10 m%) the monomer 
sequences for a TCL of 200 at an XM of 0.5. To facilitate the interpretation dead and dormant 
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polymer molecules are separated and both ranked from low to high chain length. It can be seen 
that a rather large fraction of dead polymer product is formed in both cases but for the higher 
styrene initial amount this fraction is smaller. The latter is related to a better suppression of 
termination reactions (Figure E.10 (d-f)). 
 
Figure 7.9. Mapping of the impact of TCL and initial mass fraction of styrene on (a) polymerization time, 
(b) dispersity (Ð), and (c) end-group functionality (EGF) at XM = 0.5 for NMP of MMA and styrene 
initiated by BlocBuilder for at 363 K 
For the chain lengths in Figure 7.10, a large rather broad distribution is further obtained with a 
dispersity of 1.47 and 1.33 for the 5 and 10 m% case, respectively. Note that for a sufficiently 
high initial styrene amount thus similar degrees of microstructural control, at least based on Ð, 
are obtained as for the third generation nitroxides (ca. Ð of 1.3).
37
 The incorporation of styrene 
(blue units) can also be clearly seen in the chains in Figure 7.10. In the dormant copolymer 
product, the terminal unit is always a styrene unit, reflecting the working principle of the 
copolymerization approach as introduced by Charleux et al.
31
 By the presence of styrene a much 
higher deactivation probability (Figure E.13 in the Appendix) is obtained if the terminal unit of a 
macroradical is styrene thereby lowering the formally observed activation/deactivation 
equilibrium coefficient <Keq>. 
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Figure 7.10. In silico visualization of copolymer microstructure for each individual copolymer chain for 
NMP of MMA (beige) and styrene (blue) (TCL = 200) initiated by BlocBuilder for a Tset of 363 K with an 
initial mass fraction of styrene of (a) 5m% styrene, and (b) 10m% styrene. 
Another advantage of the kMC model is the calculation of the amount and type of monomer units 
that is incorporated per activation-growth-deactivation cycle.
49, 56
 Upon normalization a 
distribution can be constructed, as for example shown in Figure 7.11 for a TCL of 200 and again 
an initial mass fraction of styrene equal to 5 and 10 m%, focusing on a XM interval between 0.4 
and 0.5. Note that the relative fraction of both monomer types is indicated in beige (MMA) and 
blue (styrene). Compared with other RDRP processes, for which a tracking of activation-growth-
deactivation cycles was performed,
49, 56
 a rather unusual distribution results. It follows that there 
is a large number fraction of zero growth activation-deactivation cycles (no propagation during 
cycle) which amounts to 0.45 and 0.48 for a 5 and 10 initial styrene mass fraction, respectively. 
Further inspection allows to deduce that for cycles with the incorporation of monomer units the 
fraction of those of limited propagation is rather low. For instance, a fraction of only 0.24 is 
obtained in both cases for cycles with 1 to 5 monomer units. This observation is also reflected in 
the pronounced tail formation in Figure 7.11, indicative of the significant contribution of cycles 
with incorporation of a very high number of monomer units (> 5). 
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The contribution of zero-growth cycles is mainly coming from terminal styrene dormant 
macrospecies, which can undergo a direct deactivation after they are activated. The latter is 
confirmed in the Appendix (Figure E.13) in which the Rprop/Rdeac per radical type is shown. For 
terminal styrene radicals much lower ratios are obtained than for terminal MMA macroradicals, 
indicating that the zero-growth contribution is mainly originating from the former radicals. 
Moreover, if the deactivation rate coefficient for macroradicals with a terminal styrene unit is 
formally assumed 10 times smaller, the fraction of zero growth cycles is reduced to 0.18 (Figure 
E.14 in the Appendix) and thus the more typical RDRP distributions are obtained. Similarly, the 
tail in Figure 7.11 can be related to the slow deactivation of terminal MMA radicals. Several 
MMA units are incorporated before the dormant species is formed. 
It further follows from Figure 7.11 that the difference between 5 m% and 10 m% of initial styrene 
fraction is mainly reflected in the tail of the distribution, as very similar fractions are obtained for 
cycles with a limited amount of propagation steps. For activation-growth-deactivation cycles with 
a larger number of propagation steps (> 25), a number fraction of 0.03 and 0.02 is obtained for an 
initial styrene mass fraction of 5 m% and 10 m%, respectively. This seems at first sight a small 
difference, however, the associated fraction of monomer units incorporated are 0.28 vs. 0.23. 
Note that for cycles with 1 propagation step a rather large fraction of MMA incorporation occurs. 
This means that despite the large Keq, MMA terminal chains still participate in the deactivation 
process. They undergo however very fast activation so that the concentration of terminal MMA 
dormant species is still low (Figure E.16 in the Appendix). 
An additional advantage of the kMC model is the a posteriori calculation of the fraction of 
styrene comonomer units per chain. The aim of the copolymerization approach is to use as little 
as possible styrene to allow a good microstructural control but still to obtain a copolymer product 
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close to pMMA, as it can be expected that even a small amount of styrene will influence the final 
properties. Focusing on a TCL of 200 and an XM of 0.5, the distribution of the fraction of styrene 
units among the polymer chains is shown in Figure 7.12 for an initial styrene mass fraction of 2.5, 
5 and 10 %, with the corresponding figure without normalization for chain length provided in the 
Appendix (Figure E.15). For the lower initial styrene amounts, two very clear extrema can be 
identified, indicating a bimodality. For the highest initial styrene fraction, a quasi-unimodal 
distribution results with the fraction of pure MMA homopolymer chains being only 0.01 in 
contrast to above 0.10 for the lower initial amounts. 
 
Figure 7.11. Number fraction of activation-deactivation cycles as a function of the number of propagation 
steps with the relative contribution of MMA (beige) and styrene (blue) indicated for XM interval from 0.4-
0.5 (grey referring to zero-growth activation-deactivation cycles) for the NMP of MMA and styrene (TCL 
= 200) initiated by BlocBuilder for a Tset of 363 K using (a) 5 m% and (b) 10 m% of styrene. 
At the selected XM of 0.5, typical average properties can be also calculated a posteriori. For 
example, an average number styrene fraction or mean value of 0.04, 0.07, and 0.14 are calculated 
for an initial styrene amount of 2.5, 5, and 10 m%, respectively. The molar fractions of styrene 
units in the chains are thus at that XM higher than the initial styrene molar monomer fractions, 
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which are very similar to the initial mass fractions. This preferential styrene incorporation is a 
consequence of the values of the monomer reactivity ratios (Table S.2 in Appendix). A second 
average parameters is the width of the distribution, which to limit bias can be reflected best by the 
coefficient of variation. The latter is defined as the ratio of the standard deviation and the 
aforementioned mean value. For an initial styrene amount of 2.5, 5, and 10 m%, values of 0.79, 
0.51, and 0.31 result, respectively. 
 
Figure 7.12. Number fraction of chains with a given percentage of styrene units for NMP of MMA and 
styrene (TCL = 200) initiated by BlocBuilder at XM = 0.5 for a Tset of 363 K using an initial mass fraction 
of styrene of 2.5 m%(blue), 5 m% (yellow) and 10 m% (fuchsia) of styrene. 
7.4 Conclusions 
Both for NMP of MMA and the related copolymerization with small amounts of styrene, a 
combined experimental and kMC modeling study has shown to be beneficial for an improved 
understanding of the evolution of the polymerization rate and control over chain length. It is 
demonstrated that a temperature recording in the reaction mixture is indispensable with non-
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isothermicity strongly affecting the aforementioned evolutions. This impact is very large for the 
homopolymerization and relevant for the copolymerization up to TCLs of 300. 
By accounting for this non-isothermicity Arrhenius parameters for disproportionation with SG1 
are reported for the first time (A = 1.4 10
7
 L mol
-1
 s
-1
; Ea = 23 kJ mol
-1
). The negative impact of 
this reaction is also shown to be higher than previously anticipated based on simplified kinetic 
descriptions, with at 343 K an increase with a factor 3. For the copolymerization, parameter 
tuning shows a penultimate monomer effect for NMP activation (styrene terminal unit), with a 
6.7 times faster activation at 363 K in case the penultimate unit is changed from styrene to MMA. 
Model-based design demonstrates that a minimum amount of 9 m% initial styrene is necessary 
for achieving a low Ð (<1.3). If a relatively high EGF (> 0.7) is also aimed at, a successful NMP 
is limited to low TCLs below 500, even for relatively high initial styrene amounts (> 10 m%). 
Moreover, the kMC model allows to fully understand the comonomer incorporation kinetics. Not 
only are the monomer sequences visualized for the chains in a representative polymer sample but 
also it is known how much and which type of comonomer is incorporated per activation-growth-
deactivation cycle and how many styrene units are present in a copolymer chain. For the 
MMA/styrene copolymerization, atypical RDRP distributions result, with in particular a large 
amount of zero-growth activation-growth-deactivation cycles and dormant copolymer chains with 
only a terminal styrene unit. 
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Chapter 8. General conclusions and future outlook 
8.1 General conclusions 
In this PhD thesis, a synergistic combination of experimental study and kinetic modeling is 
applied to obtain fundamental insights in and formulate optimization strategies for several well-
established reversible deactivation radical polymerization (RDRP) techniques. Therefore, the 
generic LCT modeling platform is extended. This platform consists out of a fast deterministic 
simulation method which will be used for estimation of rate coefficients and, for the first time, 
Pareto optimization of RDRPs. The second simulation method is a matrix-based kinetic Monte 
Carlo technique (stochastic) which allows highly detailed kinetic and microstructural insights 
albeit at a higher computational cost. This allows tracking of the time evolution of the explicit 
microstructure and a posteriori calculation of novel distributions. The complex interplay between 
intrinsic reaction kinetics and physical phenomena, such as diffusional limitations due to the 
viscosity increase inherently present in polymerization reactions, is always accounted for. 
Chapter 1 provides a general introduction of RDRP techniques focusing mainly on the 
techniques applied in this PhD thesis, i.e. nitroxide mediated polymerization and two modified 
atom transfer radical polymerization (ATRP) techniques, namely initiators for continuous 
activator regeneration (ICAR) ATRP and activators regenerated by electron transfer (ARGET) 
ATRP. These kinetic features of these techniques are briefly discussed after which the scope of 
this PhD thesis is clarified. 
In Chapter 2, an in-depth discussion of the state-of-the art copolymer models is provided 
focusing on both kinetic, such as the propagation rate, and microstructural properties, e.g. 
sequence length distribution. Both analytically derived and numerical models are discussed. A 
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discussion is provided according to the level of detail provided by the model starting with models 
describing only average properties such as for example the instantaneous copolymer composition. 
Next, models that allow the description of uni- and bivariate distributions are discussed. From 
these discussions, it can be concluded that the aforementioned models require assumptions 
resulting in a loss of detail. By using explicit models, based on stochastic kMC codes, no such 
assumptions are needed and the entire reaction history and polymer microstructure can be 
tracked. This allows the a posteriori calculation of several novel (multi)variate distributions as 
has been done in various chapters of this PhD thesis. 
In Chapter 3 a combined experimental and modeling study into the NMP of styrene initiated by 
MAMA-SG1. A large experimental data set is obtained for a wide range of temperatures (90-
120°C) and targeted chain lengths (TCL; 100-1000). From this experimental data, a loss of 
control for the higher TCLs can be observed based on the evolution of the dispersity (Ð). Based 
on this experimental data set, multi-response regression analysis based on conversion, number-
averaged chain length (xn) and Ð data was performed using the Levenberg-Marquardt algorithm 
(ODR-pack) combined with a deterministic model. This allowed to estimate values for the 4 
NMP specific Arrhenius parameters in a statistically sound manner. These values are in line with 
experimentally determined values in literature. Subsequently, these values are used in a kMC 
code for more advanced predictions of the microstructure. For example, the predicted complete 
molar mass distribution (MMD) is tested against the experimentally obtained MMD and displays 
a good fit. For the first time, the microstructure of the polymer chains is visualized while at the 
same time differentiating according to their initiation or termination mechanism. From these 
results, it can be concluded that the chain transfer to dimer reaction is the main deteriorating 
factor resulting in a loss of control for higher TCLs. Finally, the beneficial use of a simple 
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stepwise temperature program is demonstrated in silico and verified experimentally. Simulations 
allowed to conclude that a more efficient initiation phase is the underlying reason for the 
improvement in the polymer microstructure. 
In Chapter 4, the beneficial use of multi-objective optimization algorithms is demonstrated, for 
the first time, for the optimization of RDRP techniques. These algorithms allow the optimization 
of design problems with conflicting attributes resulting in the identification of the Pareto-optimal 
front. The widely applied NSGA-II algorithm was implemented into FORTRAN and used for the 
optimization of the ARGET ATRP of butyl methacrylate and NMP of styrene. For ARGET 
ATRP two objectives, i.e. batch time (for an overall conversion (XM) of 0.75) and final Ð, are 
considered. Temperature, monomer addition, and reducing agent addition programs and the 
combinations thereof as optimization strategies are considered. A Pareto-optimal front for all 
three individual strategies was identified with a monomer addition as the most promising one. 
Combinations of individual strategies display synergistic effects leading to a more improved 
Pareto-optimal front. Explanation of the optimization strategies is provided based on the kinetic 
significance of several key reactions, such as the termination probability and the ratio of 
propagation to deactivation probability (Pprop/Pdeac). The optimization of NMP of styrene 
included 3 objectives: time (XM = 0.75), Ð, and end-group functionality (EGF) including 
temperature -, monomer addition -, and initial nitroxide amount programs. The NSGA-II 
algorithm identified Pareto optimal fronts for all individual strategies, showing that a temperature 
program is most promising. Again, a kinetic explanation of the obtained optimization pathways is 
provided by considering the termination probability and Pprop/Pdeac, as well as the reaction 
probability for the transfer to dimer reaction. 
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Chapter 5 considers the synthesis of sequence-controlled copolymers via NMP. These systems 
allow the incorporation of functional monomer at desired positions in the polymer chain by using 
an electron-donor and an electron-acceptor comonomer which display strongly alternating 
propagation behavior. First, an experimental data set, using BlocBuilder as NMP initiator and 
styrene and N-benzyl maleimide (BzMI) is gathered. This experimental data, including 
comonomer conversion and dispersity, is successfully predicted by the developed kinetic Monte 
Carlo model. Subsequently, the kMC model is used for explicit visualization of the copolymer 
chains from which novel insights into the precision of the functional monomer placement in the 
chains can be a posteriori extracted. A rather broad distribution of the functional monomer 
placement results, around both its absolute and relative position along the polymer chain. The 
incorporation of the number of functional monomers per polymer chain is also far from ideal, 
displaying a broad distribution. Upon using 1 equivalent BzMI with respect to the initial 
monomer concentration, a number fraction of approx. 0.45 of the polymer chains remains non-
functionalized. For the first time, a quantification of the distribution of activation-growth-
deactivation cycles with respect to their number of propagation steps is extracted from the kMC 
simulations. In silico model-based optimization allowed to identify fed-batch monomer programs 
which result in an improved position of the BzMI functionality. Grid simulations varying the 
activation (ka) and deactivation rate coefficient (kda) were performed to identify the optimal 
reactivity of the mediating agent. It is concluded that the SG1 nitroxide does not possess optimal 
mediating qualities toward sequence-controlled polymer synthesis. A nitroxide possessing a 
higher kda results in a better distribution of the functional monomer units among the polymer 
chains. Finally, the model-based optimized strategy is demonstrated for a trifunctionalized 
sequence-controlled poly(styrene) product. 
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The importance of penultimate monomer unit (PMU) effects are demonstrated in Chapter 6 for 
the ICAR ATRP of n-butyl acrylate (nBA) and methyl methacrylate (MMA), which yields a 
gradient copolymer. A literature based kinetic model is implemented in the kMC code and grid 
simulations allowed to identify a suitable ATRP initiator. It is shown that a tertiary ATRP 
initiator is preferred over a secondary ATRP initiator as the latter leads to too slow initiation, 
thereby deteriorating the microstructural control. A two-step initiation stage is present for the 
tertiary initiator, due to strong differences in the reactivities of the different macrospecies. The 
importance of PMU effects on propagation and (de)activation show to be crucial for an accurate 
description of the copolymerization kinetics. The former are more relevant for the initiation stage 
whereas the latter mostly influence the (de)activation equilibrium at higher conversions. The 
temperature dependence of the reactivity ratios, an often overlooked aspect, proves to be non-
negligible. Finally, the naturally occurring gradient is improved by applying a fed-batch 
monomer addition program resulting in a better gradient quality (<GD>). It is demonstrated how 
the PMU affects the <GD> in the in silico determination of ideal monomer feeding programs. In 
conclusion, this chapter is a strong message towards the polymer community that the effect of the 
PMU should always be considered in kinetic modeling studies for copolymerizations as it can 
have a large effect on the kinetics and microstructure. As a corollary, attention should be paid to 
the determination of such rate coefficients since for many systems reactivity ratios are lacking 
and a large scatter on the reported values exists. 
In Chapter 7 a combined experimental and modelling study for NMP of MMA with and without 
a small amount of styrene is presented. The importance of non-isothermal conditions, leading to a 
temperature overshoot with respect to the set temperature, is demonstrated in view of accurate 
description of the experimental data. The NMP of MMA fails due to a too large (de)activation 
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equilibrium and the occurrence of disproportionation of the nitroxide SG1 may with MMA 
macroradicals. For the latter, an updated Arrhenius rate coefficient is reported based on dedicated 
homopolymerization experiments for 3 distinct temperatures. By using the comonomer approach, 
i.e. adding a small amount of monomer (styrene) with a much smaller (de)activation equilibrium 
coefficient, control over the NMP can be improved. A large set of experimental data is adequately 
described by adjusting only the activation radical reactivity ratio (for macrospecies with styrene 
terminal unit). The kMC code is applied to map the influence of the initial styrene content and 
identify thresholds for acceptable control which shows that an initial styrene content of approx. 
10 m% is needed for acceptable control and that control is lost for higher TCLs. Insights into the 
explicit copolymer microstructure are provided as well as into the individual activation-growth-
deactivation cycles, which display atypical distributions for RDRP processes, as the zero-growth 
cycles are promoted by the presence of a small styrene amount. 
Additionally, the state of the art of explicit kinetic Monte Carlo modeling of polymerizations has 
been advanced. It has been demonstrated that explicit modeling allows to extract novel and useful 
distributions: the distribution of (relative and absolute) positions of functionalities along polymer 
chains (Chapter 5), the distribution of functionalities over the polymer chains (Chapter 5) and the 
distribution of activation-growth-deactivation cycles with respect to their propagation steps 
(Chapter 5-7). 
8.2 Future outlook 
In the research presented in this thesis, the synergetic effects originating from reagent addition 
and temperature programs (Chapter 4) have been determined in silico and an experimental 
verification of these results would benefit the development of NMP and ARGET ATRP towards 
improved control within reasonable reaction times. Applying MOO-algorithms towards other 
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RDRP techniques and more complex macromolecular architecture such as gradient, graft and star 
copolymers, not only in homogeneous but also heterogeneous media, can be expected to lead to 
interesting insights and improved understanding in for example optimization of the droplet size 
distribution. 
In general, understanding how adjusting macroscopic variables (temperature, concentrations, 
reactant feeding) affect polymer microstructure on the microscale is crucial to improve our 
capability to synthesize next-generation polymers. One pre-requisite is that rate coefficients must 
be accurately determined. Systematic approaches as presented in Chapter 3, wherein a large set of 
experimental data is fitted using regression analysis, are important to characterize the reactivity of 
novel mediating agents, which are still being discovered and developed. Reversely, the model-
based design of sequence-controlled polymers allows the identification of the required reactivity 
of an (as yet) unknown mediating agent, which may aid in the synthesis of tailor-made mediating 
agents (Chapter 5). 
A second pre-requisite is to advance the state-of-the-art of kinetic modeling. Explicit kinetic 
Monte Carlo modeling has proven to be an indispensable tool when a high level of detail into the 
kinetics and microstructure is needed. Many (co)polymerizations remain unexplored and could 
benefit from the novel distributions used in this thesis. More complex architectures are of interest: 
branched polymers can be investigated to gain insight in the position of branches along the 
polymer chains, possibly combined with monomer feeding to tune the average distance between 
branches. For network copolymers, segment length distributions and pore size distributions will 
become accessible via simulation, further aiding model-based design of complex macromolecular 
architectures. 
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Such complex macromolecular architectures should, at least in principle, display different 
diffusion behavior compared to linear polymer chains. Hence, diffusion behavior can be more 
precisely defined and modeled if the chain architecture is explicitly accounted for in kinetic 
models. 
A third resource for the synthesis of next-generation polymers are the ever-increasing computer 
resources. These will allow computational chemists to investigate increasingly larger molecules, 
which are necessary for the accurate determination of the monomer and radical reactivity ratios in 
copolymerizations where PMU effects play a major role. These effects have shown to play an 
important role for the microstructure of the final polymer product. 
Such developments will positively affect the model-based design of next-generation polymers. 
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Appendix A.  MAMA-SG1 initiated nitroxide mediated polymerization of 
styrene: from Arrhenius parameters to model-based design 
A.1 Overview experimental conditions 
Table A.1. Overview of polymerization conditions covered in the experimental study of NMP of styrene 
initiated by BlocBuilder MA; 6% decane was added on a volume basis (with respect to monomer) to allow 
for GC analysis; TCL: targeted chain length: initial molar ratio of monomer to NMP initiator. 
Entry Temperature 
(°C) 
TCL (-) Nr. of exp. 
points 
1 90 100 8 
2 90 300 10 
3 100 100 8 
4 100 500 10 
5 100 1000 10 
6 110 300 10 
7 110 500 10 
8 110 1000 10 
9 120 100 10 
10 120 500 10 
11 120 1000 10 
12 100 300 10 
13 100 750 10 
14 110 750 10 
15 120 300 10 
16 120 750 10 
17
(a) 
103-118 1000 6 
(a)
 Experiment performed with step-wise temperature profile as obtained via model-based design 
(103°C for first 30 minutes, 118°C for the remainder of the polymerization). Not included in 
estimation procedure (only use of isothermal conditions: entry 1-16). 
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A.2 Consistency check of gravimetrical and gas chromatography data on conversion data 
 
Figure A.1. Comparison of monomer conversion date obtained via gravimetrical (●, green) and GC 
analysis (■, red) for NMP of styrene initiated by BlocBuilder MA: (a) T=110 °C; TCL: 500 (Table S.1 
Entry 7); (b) T=110 °C; TCL: 750 (Table A.1 Entry 14); (c) T=100 °C; TCL: 300 (Table A.1 Entry 12). 
Clearly, a good agreement is obtained. For the regression analysis, the monomer conversions as 
obtained with gravimetric analysis are used. 
A.3 Reproducibility check of data used for multi-response regression analysis 
Figure A.2 shows for two polymerization conditions the results concerning the reproducibility. 
Clearly, the reproducibility is good. Based on all reproducibility experiments, average errors 
could be calculated for the conversion (Xm), number averaged chain length (xn), and dispersity 
(Ɖ). This gave a relative error of 5% for the the conversion (Xm) and number averaged chain 
length (xn). On dispersity (Ɖ) an absolute error of 0.05 is obtained. 
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Figure A.2. Reproducibility measurements for NMP of styrene initiated by BlocBuilder MA at (a)-(c): 110 
(TCL 300) (Table A.1 Entry 6) correspond to the two repeated experiments; (d)-(e) 120 °C (TCL 100) 
(Table A.1 Entry 9); (●, green) and (●, red) correspond to two reproducibility experiments; (a),(d) 
Conversion as a function of time, (b),(e) and number-averaged chain length, and (c),(f) dispersity as a 
function of conversion. 
A.4 Apparent termination rate coefficients 
Apparent “homo-termination” rate coefficients (equal (average) chain lengths) as determined 
with the so-called composite kt model are used as a function of polymer mass fraction wp, as also 
done in the recent work of Toloza Porras et al. 
1
. The corresponding equations are given below: 
for 𝑖 < 𝑖gel and 𝑖 < 𝑖SL: 𝑘t,ii
app
= 𝑘t,11
app
𝑖−𝛼s 
for 𝑖 < 𝑖gel and 𝑖 ≥ 𝑖SL: 𝑘t,ii
app
= 𝑘t,11
app
𝑖SL
𝛼l−𝛼s𝑖−𝛼l 
for 𝑖 ≥ 𝑖gel and 𝑖 < 𝑖SL: 𝑘t,ii
app
= 𝑘t,11
app
𝑖
gel
𝛼gel−𝛼s𝑖−𝛼gel 
for 𝑖 ≥ 𝑖gel and 𝑖 < 𝑖SL: 𝑘t,ii
app
= 𝑘t,11
app
𝑖SL
𝛼l−𝛼s𝑖
gel
𝛼gel−𝛼l𝑖−𝛼gel 
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Table A.2. Parameters used for the composite kt model to simulate the NMP of styrene initiated by 
BlocBuilder MA; wp = weight fraction of polymer. 
𝛼s  𝛼l 𝛼gel 𝑖𝑆𝐿  𝑖𝑔𝑒𝑙 𝑘t,11
app
 
0.55 0.15 (1.22×wp) – 0.11 30 3.3 × wp
-2.13 
5.11×10
9
exp(-7×10
3
/R/T) 
 
The parameters of the corresponding correlations are taken from reversible addition-
fragmentation chain transfer chain length dependent termination (RAFT-CLD-T) measurements 
at 90°C 
2
. The value of 𝑘𝑡
11 was however extrapolated from the value reported to a value at the 
desired temperature using the activation energy determined by Hui et al. 
3
. 
A.5 Consistency check deterministic and kinetic Monte Carlo code 
 
Figure A.3. Comparison between the simulation results of the deterministic code for the NMP initiated by 
BlocBuilder MA at 120°C (TCL = 1000) (green dashed line) and the kinetic Monte Carlo code (red full 
line). (a) conversion as a function of time; (b) number averaged chain length as a function of conversion; 
(c) Dispersity as a function of conversion. 
Clearly, a perfect match is obtained. 
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A.6 Correlation matrix 
Table A.3. Correlation matrix for the 6 estimated parameters obtained in this work 
 𝐴 ∗𝑎0 𝐴 ∗𝑎 𝐴𝑑𝑎0 𝐴𝑑𝑎 𝐸𝑎,𝑎0 𝐸𝑎,𝑎 
𝐴 ∗𝑎0 1.00      
𝐴 ∗𝑎 0.36 1.00     
𝐴𝑑𝑎0 -0.14 -0.35 1.00    
𝐴𝑑𝑎 -0.23 0.66 -0.02 1.00   
𝐸𝑎,𝑎0 -0.14 -0.10 -0.36 -0.25 1.00  
𝐸𝑎,𝑎 0.15 0.62 -0.30 0.21 0.19 1.00 
 
Clearly, the absolute values are much lower then 0.95, indicative a very weak correlation and thus 
a very reliable parameter estimation.
4
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A.7 Experimental vs. simulation results for the excluded conditions in the main text 
 
Figure A.4. Comparison between simulations and experiments: effect of temperature for different TCLs 
(a),(d),(g) Conversion as a function of time; (b),(e),(h) number-average chain length (xn), (c),(f),(i) 
dispersity (Ɖ) as a function of conversion for the NMP of styrene initiated by BlocBuilder MA at 100°C, 
110°C, and 120°C. From the top row to the bottom row, respectively. (■, green) corresponds to a TCL of 
300; (●, blue) corresponds to a TCL of 750; points correspond to experimental data; lines correspond to 
calculated values with set of parameters given in Table A.2; deterministic solver used; entries 12-16 in 
Table A.1 in Supporting Information. 
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A.8 Comparison of simulated and measured SEC profiles for different conversions at a 
TCL of 300 
Figure A.5. Chain length distributions (CLDs) obtained via SEC measurements (black dashed 
line) and via kMC simulation results (red points) for a TCL of 300 at a temperature of 110°C at a 
conversion of 0.15 (a), Xm = 0.15, (b) Xm = 0.35, (c) Xm = 0.60. 
As for the effect of the TCL in the main text, a relatively good agreement is obtained. Deviations 
at the lower chain lengths can be partially attributed to the difficult calibration in this region of 
the CLD 
5
. 
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Appendix B. Exploring the full potential of reversible deactivation radical 
polymerization using Pareto-optimal fronts 
In this Appendix addition Tables, Schemes, and Figures are given relating to the discussion of 
following subjects in the main text: 
(i) a brief description of the mathematical model based on the method of moments 
(ii) the genetic optimization algorithm NSGA-II 
(iii) the multi-objective optimization results for ARGET ATRP of BMA 
(iv) the multi-objective optimization results for NMP of styrene 
B.1 Description of the mathematical model 
In this work, a deterministic modeling approach is considered for the description  of the evolution 
of polymerization kinetics . For simplicity, the method of moments is applied in which the chain 
length distribution (CLD) is described by a limited number of characteristic points. The CLD is 
namely represented by a discrete number of s-th (s >0) order averages: 
𝑥𝑠 = 
∑ 𝑖𝑠([𝑅𝑖] + [𝑃𝑖] + [𝑅𝑖𝑋])𝑖
∑ 𝑖𝑠−1([𝑅𝑖] + [𝑃𝑖] + [𝑅𝑖𝑋])𝑖
 
In this equation, [Ri],[Pi], and [RiX]  are, respectively, the concentration of radicals, dead polymer 
molecules, and dormant polymer molecules with chain length i. Typically for RDRP processes 
the calculation is limited to the first and second (s = 1,2) order average. These two averages are 
also known as the number-, mass-averaged chain length (xn and xm). The relative position of these 
averages can be reflected by the dispersity which allows to assess the broadness of the CLD: 
270 Appendix B 
 
Ð =
𝑥𝑚
𝑥𝑛
 
For more details on the method of moments, the reader is referred to specialized literature 
1, 2
. 
B.2 Genetic optimization algorithm NSGA-II 
In this work, several preliminary simulations were performed in order to select the optimal 
NSGA-II parameters and every simulation was performed multiple times using different random 
numbers sequences and checked for convergence. 
Table B.1. NSGA-II GA parameter values used. 
3
 
Parent population size(a) 200*/400** 
Selection strategy Binary tournament 
Crossover type Simulated binary crossover 
Mutation type Polynomial mutation 
Crossover probability 0.9 
Mutation probability (real) 0.05 
Distribution index crossover 5 
Distribution index mutation 1 
Numbers of generations 125*/150** 
(a) Parent population size equal to offspring population size; * relates to single variation 
optimization studies, ** relates to multiple variation (combinations of individual optimization 
pathways) optimization studies 
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Table B.2. Overview of upper and lower boundaries of the variables used in the MOO-optimizations. For 
simultaneous variation of process conditions identical boundaries were used is in the single variation 
studies; in all cases the final (overall) conversion is 0.75. 
Type of optimization Lower-upper 
boundary 
ARGET ATRP temperature profile  
Var1-7 60-90 °C 
ARGET ATRP monomer addition*  
Var1 0.15-1 (-) 
Var2-7 0-1 (-) 
ARGET ATRP reducing agent addition*  
Var1-7 0-1 (-) 
NMP temperature profile  
Var1-7 80-120°C 
NMP monomer addition*  
Var1 0.1-1 (-) 
Var2-7 0-1 (-) 
NMP initial nitroxide loading  
Var1 0-0.5 (-) 
      *sum of fractions equal to 1. 
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Figure B.1. Flowchart of the NSGA-II algorithm 
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B.3 Multi-objective optimization results for ARGET ATRP of BMA 
 
Figure B.2. Dispersity (Ð) profiles as a function of conversion for the 3 selected cases for the MOO-
studies of the ARGET ATRP of BMA using (a) a piecewise linear temperature program (Figure 4.2; Main 
text); (b) a fed-batch monomer program (Figure 4.4; Main text); (c) a fed-batch reducing agent program 
(Figure 4.5; Main text). 
 
 
Figure B.3. (a) Apparent rate coefficient for termination by disproportionation (recombination similar 
profile) as a function of conversion and (b) Termination rate as a function of conversion for the 3 selected 
cases for the MOO-studies of the ARGET ATRP of BMA using a piecewise linear temperature program 
(Figure 4.2; Main text). 
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Figure B.4. (a) Macroradical concentration as a function of the overall conversion (b) Apparent rate 
coefficient for termination by disproportionation (recombination similar profile) as a function of the 
overall conversion (c) in situ conversion as a function of the overall conversion for the 3 selected cases for 
the MOO-studies of the ARGET ATRP of BMA using a fed-batch monomer program (Figure 4.4; Main 
text). 
 
 
Figure B.5. Macroradical concentration as a function of conversion for the 3 selected cases for the MOO-
studies of the ARGET ATRP of BMA using a fed-batch reducing agent program (Figure 4.5; Main text). 
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B.4 Multi-objective optimization results for NMP of styrene 
 
Figure B.6. Multi-objective optimization (MOO) results for NMP of styrene using a piecewise linear 
temperature program with: (a) 2 objectives (i.e. dispersity (Ð) and time to reach Xm = 0.75; (b) 3 
objectives (i.e. dispersity (Ð), time to reach Xm = 0.75, and end-group functionality (EGF). 
 
Figure B.7. Dispersity (Ð) profiles as a function of conversion (left chart) and end-group functionality 
(EGF) profiles as a function of conversion (right chart) for the 3 selected cases for the MOO-studies of the 
NMP of styrene using: (a) a piecewise linear temperature program (Figure 4.7; Main text); (b) a fed-
batch monomer program (Figure 4.8; Main text); (c) an excess initial nitroxide loading (Figure 4.9; Main 
text). 
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Figure B.8. Dimer concentration profiles as a function of conversion for the 3 selected cases of the MOO 
of styrene using a piecewise linear temperature program (Figure 4.7; Main text). 
 
Figure B.9. In situ conversion (Xm) as a function of the overall conversion (Xm,overall) for the 3 selected 
cases and (b) dimer concentration as a function of Xm,overall for the MOO of NMP of styrene using a fed-
batch monomer program (Figure 4.8; Main text). 
 
Figure B.10. Thermal initiation rate (Rthi) as a function of conversion (Xm) and (b) dimer concentration as 
a function of Xm for the 3 selected cases for the MOO of NMP of styrene using excess initial nitroxide 
(Figure 4.9; Main text). 
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Appendix C. Model-based design to push the boundaries of sequence-control 
C.1 Details on experimental analysis for NMP of styrene and BzMI initiated by 
BlocBuilder MA 
1
H NMR spectra to measure the comonomer conversions to simulate and design BlocBuilder MA 
(or 2-methyl-2-[Ntert-butyl-N-(1-diethoxyphosphoryl-2,2-dimethylpropyl)aminoxy]propionic 
acid (MAMA-SG1)) initiated NMP of styrene (M1) with additions of small amounts of N-
benzylmaleimide (BzMI; M2; Figure 5.2-5.4 in the main text) were recorded in CDCl3 (d = 7.26 
ppm), using a Bruker Avance 400 MHz spectrometer equipped with an Ultrashield magnet. 
Conversion of styrene was determined from the 
1
H NMR spectra by comparing the integrated 
signals of one of the vinyl protons of the styrene monomer at 5.69 ppm to those of the protons in 
the 6.25-7.25 ppm region, corresponding to 2 aromatic protons of the formed copolymer, 1 
methine proton of the unreacted styrene, and 2 protons of to the BzMI. If the functional monomer 
had already been added also five aromatic protons of anisole, which was used as solvent, and five 
protons of the polymerized BzMI are included in this region requiring a further correction. The 
conversion of the functional monomer BzMI was determined from the 
1
H NMR spectra by 
following the signal at 4.67 ppm and the formation of the polymer at 4.6-4.1 ppm.
1
 
Molar mass distributions were determined with size exclusion chromatography (SEC) analysis, 
taking tetrahydrofuran as eluent (flow rate: 1 ml min
-1
), using a Shimadzu LC20AD pump. A 
SEC instrument was used, which is equipped with four PLGel Mixed C columns (5 mm, 30 cm, 
diameter = 7.5 mm), a Wyatt Viscostar-II viscometer, a Wyatt TREOS light scattering detector, a 
Shimadzu SPD-M20A diode array UV detector, and a Wyatt Optilab T-rEX refractometer. The 
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calibration was done with 15 linear polystyrene (PS) standards from Polymer Laboratories within 
a range of 1.35 10
3
-1.95 10
6
 g mol
-1
. 
C.2 Details on kinetic Monte Carlo model for simulation of (bicomponent) NMP of styrene 
with small amounts of BzMl 
C.2.1 Reactions and intrinsic rate coefficients 
In Table S1, an overview is given of the reactions and the corresponding intrinsic rate coefficients 
to simulate and design BlocBuilder MA initiated NMP of styrene (M1) with additions of small 
amounts of BzMI (M2; Figure 5.2-5.4 in the main text). For simplicity, a terminal model is used 
to describe the copolymerization kinetics, i.e. the impact of the penultimate monomer unit (PMU) 
on the reactivities is neglected. The latter is justified, at least to a first approximation, taking into 
account the limited information available in literature for radical polymerizations with as 
comonomer pair styrene and BzMI. In addition, as demonstrated below, preliminary simulations, 
selecting expected values for the penultimate rate coefficients (cf. Table C.2), indicated that the 
assumption of a terminal model is valid to a first approximation for the considered set of reaction 
conditions. 
For the simulations of the (bicomponent) NMP systems with other nitroxide moieties than SG1 
(Figure 5.5-5.6 in the main text; no side reactions with nitroxide), additional reactions and 
terminal intrinsic rate coefficients are provided in Table C.3. 
In what follows, the reactions in Table C.1 and Table C.3 are discussed in detail. A distinction is 
made between NMP non-specific and specific reactions. The negligible impact of the PMU on the 
NMP kinetics is also illustrated (parameters: Table C.2). 
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NMP non-specific reactions 
Table C.1. Overview of reactions and their intrinsic rate coefficients at 120 °C, except termination,
 
for 
modeling and design of BlocBuilder MA (R0,1X) initiated nitroxide mediated polymerization (NMP) of 
styrene (M1) with small amounts of N-benzyl maleimide (M2); for other nitroxide moieties: Table C.3; 
terminal model can be used based on the results of Figure 5.1. 
 
Reaction step k at 120°C((L mol-1)s-1) Ref. 
 Thermal initiation    
TI1 Diels-Alder dimerization 2𝑀1  
𝑘𝑑
→  𝐷 1.79 × 10
−7
 
2, 3 
TI2 Retro Diels-Alder dimerization 𝐷
𝑘𝑑𝑟
→ 2𝑀1 
1.36 × 10−4 2, 3 
TI3 Molecule assisted homolysis 𝐷 + 𝑀1
𝑘𝑡ℎ𝑖
→ 𝑅0,2 + 𝑅0,3 
9.07 × 10−8 2, 3 
 Chain initiation(a,b)    
CI1  
𝑅0,1 +𝑀1
𝑘𝑝
0,1
→ 𝑅1
1 
1.00 × 104 4 
CI2  
𝑅0,2 +𝑀1
𝑘𝑝
0,2
→ 𝑅1
1 
2.04 × 103 5 
CI3  
𝑅0,3 +𝑀1
𝑘𝑝
0,3
→ 𝑅1
1 
2.04 × 103 5 
CI4  
𝑅0,4 +𝑀1
𝑘𝑝
0,4
→ 𝑅1
1 
2.04 × 103 5 
 Propagation(c)    
P1  𝑅𝑖
1 +𝑀1
𝑘𝑝
11
→ 𝑅𝑖+1
1  2.04 × 10
3 
5 
P2  𝑅𝑖
1 +𝑀2
𝑘𝑝
12
→ 𝑅𝑖+1
2  
5.10 × 104 this work 
P3  𝑅𝑖
2 +𝑀1
𝑘𝑝
21
→ 𝑅𝑖+1
1  
5.82 × 104 6 
P4  𝑅𝑖
2 +𝑀2
𝑘𝑝
22
→ 𝑅𝑖+1
2  7.57 × 10
2
 
7 
 Termination(d)  
composite 
 kt  
model 
 
T1  
𝑅0,𝑦 + 𝑅0,𝑧
𝑘𝑡𝑐,𝑎𝑝𝑝
0,𝑦;0,𝑧
→    𝑅0𝑅0 
8, 9 
T2  
𝑅0,𝑦 + 𝑅𝑖
1
𝑘𝑡𝑐,𝑎𝑝𝑝
0,𝑦;𝑖
→    𝑃𝑖 
8, 9 
T3  
𝑅𝑖
1 + 𝑅𝑗
1
𝑘𝑡𝑐,𝑎𝑝𝑝
𝑖;𝑗
→    𝑃𝑖+𝑗 
8, 9 
 Chain transfer    
CT1 to monomer 
𝑅0,𝑦 +𝑀1
𝑘𝑡𝑟𝑚
0,𝑦
→  𝑃0 + 𝑅0,4 
2.09 × 10−1 8 
CT2  
𝑅𝑖
1 +𝑀1
𝑘𝑡𝑟𝑚
1
→  𝑃𝑖 + 𝑅0,4 
2.09 × 10−1 8 
CT3 to dimer 
𝑅0,𝑦 + 𝐷
𝑘𝑡𝑟𝑑
0,𝑦
→  𝑃0 + 𝑅0,3 
1.50 × 102 10, 11 
CT4  
𝑅𝑖
1 + 𝐷
𝑘𝑡𝑟𝑑
1
→  𝑃𝑖 + 𝑅0,3 
1.50 × 102 10, 11 
 NMP (de)activation(e)    
A1 Activation 
𝑅0,1𝑋
𝑘𝑎
0,1
→ 𝑅0,1 + 𝑋 
1.18 × 10−1 12 
A2  
𝑅𝑖
1𝑋
𝑘𝑎
1
→ 𝑅𝑖
1 + 𝑋 
7.08 × 10−3 12 
DA1 Deactivation 
𝑅0,1 + 𝑋
𝑘𝑑𝑎
0,1
→ 𝑅0,1𝑋 
2.80 × 106 12 
DA2  
𝑅𝑖
1 + 𝑋
𝑘𝑑𝑎
1
→ 𝑅𝑖
1𝑋 
1.09 × 106 12 
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(a)Chain initiation rate coefficient for R0,1 is assumed to be equal to be the one of the 2-(alkoxy)carbonylprop-2-yl radical.
13 (b)The 
chain initiation reactivity of R0,2, R0,3 and R0,4 is assumed to be equal.
2, 14 (c)Rate coefficients for cross-propagation reactions based 
on monomer reactivity ratios (r1=0.040 and r2 = 0.013) from literature with r1 slightly adjusted.
7 (d)Apparent rate coefficient is 
used (see Table S4) with negligible contribution of 𝑅𝑖
2 species.9 (e)Activation / deactivation of 𝑅𝑖
2𝑋/𝑅𝑖
2 can be neglected based on 
the results of Figure C.2; those with R0,y (y=2-4) also neglected based on previous work.
3 
For styrene radical polymerization, in agreement with previous kinetic modeling studies,
3, 12, 15
 
thermal self-initiation according to the Mayo-mechanism
8, 16
 is considered (entry T1-3 in Table 
C.1). The extra radical initiator fragments besides the NMP initiator radical R0,1 are denoted as 
R0,2 and R0,3. The impact of this thermal self-initiation can although expected to be limited in the 
present kinetic study, taking into account the low targeted chain lengths (TCLs) considered.
12
 
In agreement with literature data, for a terminal styryl macroradical (𝑅𝑖
1; i: chain length), both 
chain transfer to styrene (M1) and to the dimer (D), as formed during thermal self-initiation, are 
considered (entry CT1-4 in Table C.1).
3, 12, 17, 18
 For chain transfer to BzMI (M2) or chain transfer 
involving radicals with a terminal BzMI unit (𝑅𝑖
2), no literature data on intrinsic rate coefficients 
are available. For simplicity, these chain transfer reactions have been neglected, taking into 
account that the amount of propagation events can assumed to be as good as exclusive in the short 
time period in which such chain transfer reactions can take place. Also chain transfer reactions 
with polymer are neglected based on literature data.
19
 
For propagation, all four intrinsic rate coefficients (entry P1-4 in Table C.1) are based on 
literature data.
5-7
 The homopropagation rate coefficient for BzMI (𝑘𝑝
22) is approximated by the 
one reported for N-cyclohexylmaleimide, since no rate coefficients for this specific maleimide are 
available in literature. The cross-propagation rate coefficients (𝑘𝑝
12
 and 𝑘𝑝
21) are calculated based 
on literature data for the monomer reactivity ratios.
5-7
 The first monomer reactivity ratio (r1= 
𝑘𝑝
11/𝑘𝑝
12) is slightly altered from its literature value
6
 of 0.058 but within the expected 
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experimental error for such measurements
20
 to achieve a better match between experimental and 
simulated data in the present work. 
In general, it could be expected that more propagation rate coefficients are needed for an accurate 
kinetic description, due to possible existence of a PMU. No penultimate rate coefficients are 
although available for the selected monomer pair, as already indicated above. Klumperman et 
al.
21
 reported penultimate parameters for the related styrene and maleic anhydride comonomer 
pair (see Table C.2) for which a penultimate unit effect has been observed under more general 
polymerization conditions. Using these parameters (i.e. the ratio of r1 to r1’ = 0.6 reported by 
Klumperman et al.
22
 and the radical reactivity ratio s1 of 0.85 reported by Klumperman
21
 are 
used), in Figure C.1 (green lines) the most important NMP characteristics as considered in this 
work are displayed under the conditions for Figure 5.2 in the main text (also red lines for 
reference in Figure C.1). It follows that the impact of the PMU can be neglected, as the green and 
red lines coincide, both for the average properties (top) and properties based on individual chains 
(bottom). Also for the other conditions in the main text this statement holds. Hence, to first 
approximation a terminal model for the simulation of the NMP process can be selected, keeping 
in mind that under the specific conditions used in this work (high styrene concentrations), the 
penultimate unit effects can be ignored. Moreover, as for the selected comonomer pair used in 
this work only terminal reactivity ratios are available in literature and deviations can be expected 
between maleic anhydride and BzMI, the assumption of a terminal model is further justified. 
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Table C.2. Overview of propagation reactions for kinetic Monte Carlo modeling and design of 
BlocBuilder MA initiated nitroxide mediated polymerization (NMP) of styrene (M1) with small amounts of 
N-benzyl maleimide (M2), in case penultimate monomer unit (PMU)-effects are considered; approximation 
via styrene and maleic anhydride comonomer pair parameters for other reactions from Table C.1. 
      
Reaction step 
k at 120°C((L mol
-1
)s
-
1
)
(a)
 
Ref. 
P1’ 
𝑅𝑖
11 +𝑀1
𝑘𝑝
111
→  𝑅𝑖+1
11  2.04 × 10
3 
5
 
P2’ 
𝑅𝑖
11 +𝑀2
𝑘𝑝
112
→  𝑅𝑖+1
12  
5.10 × 104 5-7, 21 
P3’ 
𝑅𝑖
21 +𝑀1
𝑘𝑝
211
→  𝑅𝑖+1
11  
1.77 × 103 5-7, 21 
P4’ 
𝑅𝑖
21 +𝑀2
𝑘𝑝
212
→  𝑅𝑖+1
12  2.61 × 10
4
 
5-7, 21
 
P5’ 
𝑅𝑖
12 +𝑀1
𝑘𝑝
121
→  𝑅𝑖+1
21  5.82 × 10
4
 
5-7, 21
 
P6’ 
𝑅𝑖
12 +𝑀2
𝑘𝑝
122
→  𝑅𝑖+1
22  7.57 × 10
2
 
5-7, 21
 
P7’ 
𝑅𝑖
22 +𝑀1
𝑘𝑝
221
→  𝑅𝑖+1
21  5.82 × 10
4
 
5-7, 21
 
P8’ 
𝑅𝑖
22 +𝑀2
𝑘𝑝
222
→  𝑅𝑖+1
22  7.57 × 10
2
 
7
 
     (a)r1’ = 𝑘𝑝
211 𝑘𝑝
212⁄  = 1.7 × r1 and s1 = 𝑘𝑝
211 𝑘𝑝
111⁄  = 0.85 
For termination (entry T1-3 in Table S1), dead polymer formation both with small and 
macroradicals is incorporated in the kinetic model. Only termination reactions involving terminal 
styryl radicals (𝑅𝑖
1) are taken into account, for which recombination is the dominant termination 
mode.
23
 This simplification can be justified due to following three reasons: (i) termination 
reactions are most important in the early NMP stages (Xsty < 0.05; onset of the so-called persistent 
radical effect
24-26
) in which only styrene is present; (ii) if an 𝑅𝑖
2 radical is formed, due to the 
very 𝑘𝑝
21 and high styrene concentration, this species rapidly adds to a styrene monomer 
molecule, leading to the fast formation of an 𝑅𝑖
1 radical; (iii) for the related N-
cyclohexylmaleimide radical polymerization it has been reported that the termination rate 
coefficient is three orders of magnitude lower than the one for methyl-methacrylate radical 
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polymerization,
7
 the latter being of the same order of magnitude as for styrene radical 
polymerization.
9
 
 
Figure C.1. Justification of terminal model (red lines/bars; Table C.1; main text Figure 5.2) since as good 
as identical results with the more complex penultimate monomer unit model (green lines/bars; r1’ = 1.7 r1 
and s1 = 0.85 from Table C.2)
21
 model for the description and design of NMP of styrene with small 
amounts of BzMI. A) styrene conversion (Xsty), b) benzylmaleimide conversion (XBzMI) as a function of time, 
since addition of BzMI, c) dispersity (Ð) as a function of Xsty, d) number fraction of BzMI units as a 
function of absolute positions in the chain, e) number fraction of chains with a given number of BzMI 
units; NMP initiator: BlocBuilder MA (R0X); 120°C ([Sty]0:[R0X]0:[BzMI]addition point=100:1:eq.; eq. 
defined with respect to R0X; addition point: Xsty=0.4. 
It should be further stressed that termination rate coefficients are adapted with increasing time to 
reflect the impact of the viscosity increase and thus diffusional limitations on the NMP process, 
i.e. apparent termination kinetics are considered.
9, 27
 The apparent termination parameters are 
286 Appendix C 
 
given in Table C.4. For more details on the actual implementation of the apparent termination 
kinetics the reader is referred to previous work
12
 and Section C.2.2. 
NMP specific reactions 
The NMP (de)activation rate coefficients in Table C.1 (reactions: entry A1-2 and DA1-2; 
nitroxide: SG1) are based on literature data.
12
 For NMP (de)activation involving the MAMA 
initiator fragment (𝑘𝑎
0,1
, 𝑘𝑑𝑎
0,1
) and involving macroradicals with a terminal styrene unit (𝑘𝑎
1 and 
𝑘𝑑𝑎
1 ) accurate values have been taken from a recent kinetic modeling study for NMP of styrene, 
in which regression analysis was successfully performed based on an extensive set of 
polymerization data.
12
 Importantly, these parameter values are in agreement with previously 
reported parameters.
28-32
 The corresponding NMP activation/deactivation rate coefficients (𝑘𝑎
1 
and 𝑘𝑑𝑎
1 ) used in the simulations of the (bicomponent) NMP systems (conventional radical 
initiator (I2): benzoyl peroxide (BPO)) with other nitroxide moieties than SG1 (specific points in 
Figure 5.5 in the main text; theoretical screening of (𝑘𝑎
1 , 𝑘𝑑𝑎
1 )) are provided in Table C.3 and are 
also based on literature data.
33-37
 In this table, also the BPO related kinetic parameters are 
provided.  
Note that for the aforementioned grid simulations, for simplicity and due to a lack of literature 
parameters, no side reactions with the nitroxide have been included although they are expected to 
occur.
38
 It should h be stressed that for SG1 (key nitroxide with experimental validation in main 
text: Figure 5.1-5.4) these side reactions can be safely ignored.
39-41
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Table C.3. Overview of NMP specific reactions and kinetic parameters for kinetic Monte Carlo modeling 
and design of (bicomponent) nitroxide mediated polymerization (NMP) of styrene (M1) with small amounts 
of N-benzyl maleimide (M2) using different nitroxide moieties compared to Table C.1 (SG1 nitroxide); f: 
initiator efficiency; for simplicity side reactions with the nitroxide are ignored (for SG1 (main nitroxide) 
this is a safe assumption, as explained in the main text), focusing on three different nitroxides for 
interpretation of Figure 5.5 in the main text; other kinetic parameters in Table C.1. 
 Reaction step k at 120°C((L mol
-1
)s
-1
) Ref. 
 Initiation
(a)
    
I1’  𝐼2
𝑓,𝑘𝑖
→ 2𝐼 3.6 × 10
−2 
15
 
 Chain initiation    
CI’  𝐼 + 𝑀1
𝑘𝑝
0,5
→ 𝑅1
1 
2.04 × 103 5 
 NMP (de)activation    
    DBNO
(b)
    
A1’  𝑅0,1𝑋
𝑘𝑎
0,1
→ 𝑅0,1 + 𝑋 
1.13 
33
 
DA1’  𝑅0,1 + 𝑋
𝑘𝑑𝑎
0,1
→ 𝑅0,1𝑋 
2.47 × 108  
33
 
A2’  𝑅𝑖
1𝑋
𝑘𝑎
1
→ 𝑅𝑖
1 + 𝑋 1.40 × 10
−2
 
34
 
DA2’  𝑅𝑖
1 + 𝑋
𝑘𝑑𝑎
1
→ 𝑅𝑖
1𝑋 1.20 × 10
7
 
35
 
    TIPNO    
A2’’  𝑅𝑖
1𝑋
𝑘𝑎
1
→ 𝑅𝑖
1 + 𝑋 3.30 × 10
−3
 
34
 
DA2’  𝑅𝑖
1 + 𝑋
𝑘𝑑𝑎
1
→ 𝑅𝑖
1𝑋 8.00 × 10
6
 
36
 
    TEMPO    
A2’’’  𝑅𝑖
1𝑋
𝑘𝑎
1
→ 𝑅𝑖
1 + 𝑋 5.20 × 10
−4
 
34
 
DA2’’’  𝑅𝑖
1 + 𝑋
𝑘𝑑𝑎
1
→ 𝑅𝑖
1𝑋 7.60 × 10
7
 
37
 
          (a) f = 0.7
 (b) 𝑅0,1𝑋
 = α-methylstyryl-di-tertbutyl nitroxide 
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Figure C.2. Kinetic insignificance of (de)activation involving macrospecies with terminal BzMI units; 
a) styrene conversion (Xsty), b) benzylmaleimide conversion (XBzMI) as a function of time elapsed since 
addition point of BzMI, c) dispersity (Ð) as a function of Xsty, d) number fraction of BzMI units at absolute 
positions in the chain, e) number fraction of chains with a given number BzMI units, for NMP of styrene 
and BzMI initiated by BlocBuilder MA (R0X) at 120°C ([Sty]0:[R0X]0:[BzMI]addition point=[100]:[1]:[eq.]; 
eq. defined with respect to R0X; addition point: Xsty=0.4) for 𝑘𝑎
2 = 0 s
-1
; 𝑘𝑑𝑎
2 = 0 L mol
-1
 s
-1 
(red; main text 
Figure 5.2), 𝑘𝑎
2 = 𝑘𝑎
1 and 𝑘𝑑𝑎
2  = 𝑘𝑑𝑎
1  (green), 𝑘𝑎
2 = 10 𝑘𝑎
1 and 𝑘𝑑𝑎
2  = 𝑘𝑑𝑎
1
 (blue), and 𝑘𝑎
2 = 𝑘𝑎
1 and 𝑘𝑑𝑎
2  =10 
𝑘𝑑𝑎
1
 (blue). 
For NMP (de)activation involving macrospecies with a terminal BzMI unit (𝑘𝑎
2 and 𝑘𝑑𝑎
2 ) no 
values are available. Model analysis showed that these rate coefficients can for simplicity be 
taken equal to zero (no entries in Table C.1). As explained above, under the conditions studied, a 
quick transformation from 𝑅𝑖
2 to 𝑅𝑖
1 is occurring so that deactivation of 𝑅𝑖
2 is kinetically 
insignificant. The latter is also illustrated in Figure C.2, in which focus is on the main NMP 
characteristics and the activation/deactivation parameters related to the second monomer are 
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varied. The red lines are those as used in the main text (𝑘𝑎
2 = 0 s
-1
; 𝑘𝑑𝑎
2  = 0 L mol
-1
 s
-1
; no 
activation/deactivation). The green lines are for 𝑘𝑎
2 = 𝑘𝑎
1 and 𝑘𝑑𝑎
2  = 𝑘𝑑𝑎
1 , the blue lines for 𝑘𝑎
2 = 
10 𝑘𝑎
1 and 𝑘𝑑𝑎
2  = 𝑘𝑑𝑎
1 , and the yellow lines for 𝑘𝑎
2 = 𝑘𝑎
1 and 𝑘𝑑𝑎
2  = 10 𝑘𝑑𝑎
1 . It can be seen that the 
lines as good as coincide, highlighting the correctness of the model assumption with respect to 
the zero values for 𝑘𝑎
2 and 𝑘𝑑𝑎
2 . 
C.2.2 Diffusional limitations 
To account for diffusional limitations on termination due to viscosity effects, apparent 
termination rate coefficients are considered. Since, as explained above, the dominant radicals 
over the complete NMP process are styryl radicals only apparent termination rate coefficients are 
needed for 𝑅𝑖
1  species. The so-called composite kt model
9
 is used, which allows to reflect the 
impact of the polymer mass fraction wp and the chain length i, on the apparent homotermination 
rate coefficients (𝑘𝑡,𝑖𝑖
𝑎𝑝𝑝
) in a piecewise manner (parameters Table C.4): 
for 𝑖 < 𝑖gel and 𝑖 < 𝑖SL: 𝑘t,ii
app
= 𝑘t,11
app
𝑖−𝛼s 
for 𝑖 < 𝑖gel and 𝑖 ≥ 𝑖SL: 𝑘t,ii
app
= 𝑘t,11
app
𝑖SL
𝛼l−𝛼s𝑖−𝛼l 
for 𝑖 ≥ 𝑖gel and 𝑖 < 𝑖SL: 𝑘t,ii
app
= 𝑘t,11
app
𝑖
gel
𝛼gel−𝛼s𝑖−𝛼gel 
for 𝑖 ≥ 𝑖gel and 𝑖 < 𝑖SL: 𝑘t,ii
app
= 𝑘t,11
app
𝑖SL
𝛼l−𝛼s𝑖
gel
𝛼gel−𝛼l𝑖−𝛼gel 
The parameters in these equations are taken from reversible addition-fragmentation chain transfer 
chain length dependent termination (RAFT-CLD-T) measurements at 363 K.
9
 The value of 𝑘t,11
app
 
is extrapolated from the value reported to a value at the polymerization temperature in this work 
(393 K), using the activation energy determined by Hui et al.
8
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Table C.4. Parameters used for the composite kt model to simulate NMP of styrene MA and small fraction 
of N-benzyl maleimide; wp = weight fraction of polymer. 
𝛼s  𝛼l 𝛼gel 𝑖𝑆𝐿  𝑖𝑔𝑒𝑙 𝑘t,11
app
 
0.55 0.15 (1.22wp) – 0.11 30 3.3 × wp
-2.13 
5.11×10
9
exp(-7 10
3
/R/T) 
C.3 Comparison of results with full NMP kinetic model and idealized case of living 
polymerization for control over monomer placement 
In Figure C.3 (1 eq. BzMl), the results obtained in the main text regarding the monomer 
placement (full NMP kinetic model; matrix-based kinetic Monte Carlo code; green lines/bars) are 
compared with the recent results obtained by Gody et al.
42
 based on ideal living polymerization 
kinetics (red lines/bars; xn of 81 and targeted monomer placement at position 41). The latter 
corresponds with a Poisson distribution and reflects the inherent limitations purely related to the 
stochastic nature of radical polymerization processes. 
It follows from Figure C.3 that for even for the ideal case (red lines/bars) the monomer placement 
follows a clear distribution, both with respect to the absolute and relative placement (left) and the 
frequency per chain (right). It should although be stressed that in practice non-idealities play a 
role and, hence, the ideal lines are only approximate, as also indicated by Gody et al.
42
 Indeed, 
these distributions alter significantly upon the consideration of a full NMP kinetic model (green 
lines/bars). Broader distributions for the absolute and relative placement are obtained and 
significant changes are observed for the frequencies. For example with the ideal case the low 
functionalized contributions are underestimated and as a consequence the dominant higher-
functionalized ones are overestimated. 
Appendix C 291 
 
 
 
The results in Figure C.3 thus highlight the relevance of the present work in order to accurately 
quantify the product quality for sequence-controlled polymers, as significant deviations are 
present with the predictions using derivations based on ideal living polymerization kinetics. 
 
Figure C.3. Comparison between results on microstructural control for NMP (green; Xsty=0.8) and 
idealized living case (red) a) number fraction of BzMI units at absolute positions in the chain (full lines) 
and relative positions in the chain (dotted lines) and b) number fraction of chains with a given number 
BzMI units; NMP conditions: NMP initiator = BlocBuilder MA (R0X); 120°C 
([Sty]0:[R0X]0:[BzMI]addition point = 100:1:eq.; eq. defined with respect to R0X; addition point: Xsty=0.4; 
corresponding ideal living case with as solely parameters xn = 81 and targeted functional monomer 
position = 41. 
C.4 Comparison with NMP of styrene 
As indicated in the main text, a sequence controlled system with strong cross-propagation is 
inherently more prone to deviations from the ideal case. This is illustrated in Figure C.4, in which 
it is shown that by an alternation from homo- to copolymerization the contribution of cycles with 
a higher monomer incorporation becomes more relevant (shift of the higher frequencies to the 
right). Figure C.4a is the analogous figure for Figure 5.3d in the main text, with for the sake of 
comparison a duplicate of these results (green bars). Note that for a normalization with respect to 
the number of monomer units instead of the number of cycles the results in Figure C.4b are 
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obtained. Clearly, the deviations between homo- and copolymerization are stronger, further 
highlighting the importance of a detailed reaction scheme for an accurate description of the 
copolymerization kinetics. 
 
Figure C.4. Comparison between copolymerization (green) and homopolymerization (red); (a) number 
fraction of activation-deactivation cycles as a function of number of propagations for Xsty interval from 
0.40 to 0.45 (normalization with respect to the total number of activation-deactivation cycles as in Figure 
5.3d in the main text); (b) alternative representation with normalization with respect to the number of 
monomer units; NMP of styrene and BzMI initiated by BlocBuilder MA (R0X) at 120°C 
([Sty]0:[R0X]0:[BzMI]addition point =100:1:eq.; eq. defined with respect to R0X; addition point: Xsty=0.4), 
homopolymerization: NMP of styrene initiated by BlocBuilder MA (R0X) at 120°C ([Sty]0:[R0X]0=100:1). 
C.5 Thermal self-initiation contribution for theoretical screening NMP mediating 
capabilities for synthesis of sequence-controlled polymers 
As discussed in the main text, thermal self-initiation of styrene is no longer negligible for the 
whole screening range of activation and deactivation rate coefficients for styryl dormant 
macrospecies/macroradicals (ka and kda). This can be deduced by comparing Figure 5.5 in the 
main text (thermal self-initiation included) and Figure C.5 (thermal self-initiation neglected). It 
can be seen that for low ka and high kda values, significant deviations exist. For these parameter 
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ranges, the thermal self-initiation reaction deteriorates the quality of the sequence-controlled 
polymers. Hence, for grid simulations this reaction needs to be accounted for to ensure a reliable 
model-based design. 
 
Figure C.5. Model-based identification of the most suited nitroxide via a screening of (ka, kda) 
combinations for (bicomponent) NMP synthesis of sequence controlled polymers, ignoring side reactions 
with the nitroxides for simplicity; number fraction of chains with a) 0 BzMI units, b) 1 BzMI unit, and c) 
more than 3 BzMI units; conditions: bicomponent NMP of styrene and BzMI initiated with BPO at 120°C 
([Sty]0:[BzMI]addition point:[X]0:[BPO]0=100:1:1:0.71); with 2f[BPO]0 = [X]0; f: initiator efficiency); 
results shown for Xsty = 0.8 and addition point Xsty=0.4; white circles: SG1 for which side reactions can be 
ignored. 
C.6 Multifunctionalization in case of SG1 nitroxide and only addition program for 
functional monomer 
In this section, the detailed microstructure for the synthesis of a sequence-controlled polymer 
containing three distinct functionalizations is visualized, considering the SG1 nitroxide for which 
a successful experimental validation has been performed (see main text). Note that only for the 
functional monomer an addition program is considered, i.e. all styrene is added at the start. The 
results at Xsty = 0.9 are depicted in Figure C.6. 
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Figure C.6. Model-based design for sequence-controlled polymer synthesis: a) Explicit in silico 
visualization of microstructure for each individual copolymer chain (ca. 500 chains of a representative 
polymer sample of 100.000 chains), b) number fraction of BzMI units at absolute and relative positions in 
the chain, c) number fraction of chains depending on the functionalization pattern (target: [I,I,I]); 
BlocBuilder initiated NMP of styrene with 3 BzMI additions; 120°C; [Sty]0:[R0X]0:[BzMI-1]AP1:[BzMI-
2]AP2:[BzMI-3]AP3 = 150:1:eq.:eq.:eq.; eq. each time 2 for a) and b) but variable for c); defined with 
respect to R0X. 
From comparing Figure C.6a with Figure 5.6a in the main text it follows already on a visual basis 
that an improvement of the comonomer incorporation is indeed obtained by selecting a better 
theoretical nitroxide and using an addition program for both comonomers. Here only an 
acceptable microstructural control is obtained with a reasonable positioning of the functional 
monomer units and a reasonable contribution of the chain-to-chain deviations. On an absolute 
basis, the blue three distributions of Figure C.6b are characterized by mean positions of 50, 87, 
and 121 for BzMI-1, BzMI-2, and BzMI-3, which are considerably further away from the 
targeted ones of 38, 75, and 113 compared to the mentioned values in the main text (cf. Figure 
5.6b). The standard deviations are given by 20, 24, and 30 monomer units with corresponding 
coefficients of variation equal to 0.40, 0.28, and 0.24. On a relative basis, the three distributions 
(green lines in Figure C.6b) are characterized by mean relative positions of 0.33, 0.57 and 0.80 
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with standard deviations given by 0.11, 0.10, 0.09. The coefficients of variation become 0.33, 
0.17, and 0.11. Upon a comparison with the respective values in the main text it is again 
confirmed that the microstructural control is here only reasonable and thus further model-based 
design as done in the main text is indeed worthwhile. Finally, it follows from Figure C.6c, which 
maps the complete functionalization pattern for all individual chains (analogous Figure 5.6c in 
main text after further model-based design) that also the fraction of chains with the preferred 
functionalization pattern, i.e. [I,I,I], can be further improved. Here a variation of the number of 
equivalents of each BzMI addition (1 (blue bars), 2 (yellow bars), 3 (purple bars), and 4 (green 
bars)) leads to number fractions of trifunctionalized chains of 0.19, 0.44, 0.60, and 0.69, which 
can be increased by the combined model-based design in the main text. 
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Appendix D. How penultimate monomer unit effects and initiator influence 
ICAR ATRP of n-butyl acrylate and methyl methacrylate 
D.1 Influence of backbiting reactions 
As a copolymerization using n-butyl acrylate is performed, backbiting can occur. In order to 
assess the influence of backbiting on the polymerization kinetics, simulations with and without 
backbiting under the reference condition chosen in the main text have been first performed. It is 
assumed for simplicity that both R11 and R21 species can undergo backbiting with the same rate 
coefficient (𝑘𝑏𝑏
𝑐ℎ𝑒𝑚 = 7.41 × 10
7
 exp(-32.7 kJ mol
-1
/R/T))
1
 and this independent from the nature of 
the unit being present at the pen-penultimate position. The propagation rate coefficient of the 
formed tertiary species after a backbiting reaction is assumed to be 2 orders of magnitude lower 
than the respective secondary macrospecies and the activation rate coefficient and deactivation 
coefficient are assumed one order of magnitude higher and lower, respectively.
2, 3
 
The result is shown in Figure D.1 and shows a negligible influence of backbiting on the ICAR 
ATRP kinetics. Since at the highest temperature already with this modeling strategy (too high 
backbiting reactivities for copolymerization) no effect is observed, backbiting can be safely ruled 
out for the simulations in the main text. 
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Figure D.1. (a) Overall monomer conversion as a function of time, (b) dispersity (blue) and number 
averaged chain length (xn, green), (c) branching fraction (with respect to monomer; molar) as a function 
of overall monomer conversion for ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate (M2) at 
363K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0; initial Cu(II) ppm level = 40 ppm) using a tertiary 
(ka0 = ka22; full lines) ATRP initiator with backbiting reactions (dotted line) and without (full line); 
parameters: see Table D.1. 
D.2 Full kinetic model 
An overview of the reactions and Arrhenius parameters with the full kinetic model (all PMU 
effects accounted for) is given in Table D.1. Also the way of the calculation of the rate 
coefficients is provided. Actual values for propagation and deactivation are provided in Table 
D.3. 
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Table D.1. Reactions and Arrhenius parameters for the simulation of ICAR ATRP of n-butyl acrylate (M1) 
and methyl methacrylate (M2) using Cu(II)Br2/PMDETA as deactivator and with the reference ATRP and 
conventional radical initiator (see main manuscript). Also values at 363K. 
Reaction   kchem (363K) ((L mol
-1) s-1) A ((L mol-1) s-1) Ea (kJ mol
-1) ref 
Dissociation D1
a 
𝐼2
𝑓𝑐ℎ𝑒𝑚𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚
→        2𝐼 
5.3×10-5 
 
µ 
2.9×1014 130.2 
4 
Chain initiation 
CI1 
𝐼 + 𝑀1
𝑘𝑝𝐼1
𝑐ℎ𝑒𝑚
→   𝐼𝑀1 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 𝑟2⁄  2.4×10
6 24.6 
5, 6 
CI2 
𝐼 + 𝑀2
𝑘𝑝𝐼2
𝑐ℎ𝑒𝑚
→   𝐼𝑀2 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 2.6×106 22.3 
6 
CI3 
𝐼𝑀1 +𝑀1
𝑘𝑝𝐼𝑀1,1
𝑐ℎ𝑒𝑚
→    𝑅11 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 × 𝑠1 1.3×10
7 18.8 
5, 7 
CI4 
𝐼𝑀1 +𝑀2
𝑘𝑝𝐼𝑀1,2
𝑐ℎ𝑒𝑚
→    𝑅12 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 × 𝑠1
𝑟1′
⁄  
9.3×106 15.7 
5, 7 
CI5 
𝐼𝑀2 +𝑀1
𝑘𝑝𝐼𝑀2,1
𝑐ℎ𝑒𝑚
→    𝑅21 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 𝑟2⁄  2.4×10
6 24.6 
5, 6 
CI6 
𝐼𝑀2 +𝑀2
𝑘𝑝𝐼𝑀2,2
𝑐ℎ𝑒𝑚
→    𝑅22 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 2.6×106 22.3 
6 
CI7 
𝑅0 +𝑀1
𝑘𝑝01
𝑐ℎ𝑒𝑚
→   𝑅0𝑀1 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 𝑟2⁄  2.4×10
6 24.6 
5, 6 
CI8 
𝑅0 +𝑀2
𝑘𝑝02
𝑐ℎ𝑒𝑚
→   𝑅0𝑀2 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚  2.6×106 22.3 
6 
CI9 
𝑅0𝑀1 +𝑀1
𝑘𝑝𝑅0𝑀1,1
𝑐ℎ𝑒𝑚
→     𝑅11 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 × 𝑠1 1.3×10
7 18.8 
5, 7 
CI10 
𝑅0𝑀1 +𝑀2
𝑘𝑝𝑅0𝑀1,2
𝑐ℎ𝑒𝑚
→     𝑅12 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 × 𝑠1
𝑟1′
⁄  
9.3×106 15.7 
5, 7 
CI11 
𝑅0𝑀2 +𝑀1
𝑘𝑝𝑅0𝑀2,1
𝑐ℎ𝑒𝑚
→     𝑅21 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 𝑟2⁄  2.4×10
6 24.6 
5, 6 
CI12 
𝑅0𝑀2 +𝑀2
𝑘𝑝𝑅0𝑀2,2
𝑐ℎ𝑒𝑚
→     𝑅22 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 2.6×106 22.3 
6 
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Table D.1. Continued 
Propagation 
P1 
𝑅𝑖,11 +𝑀1
𝑘𝑝11,1
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,11 
5.6×104 1.8×107 17.4 
7 
P2 
𝑅𝑖,11 +𝑀2
𝑘𝑝11,2
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,12 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 𝑟1⁄  7.2×10
6 12.7 
5, 7 
P3 
𝑅𝑖,21 +𝑀1
𝑘𝑝21,1
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,11 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 × 𝑠1 1.3×10
7 18.8 
5, 7 
P4 
𝑅𝑖,21 +𝑀2
𝑘𝑝21,2
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,12 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 × 𝑠1
𝑟1′
⁄  
9.3×106 15.7 
5, 7 
P5 
𝑅𝑖,12 +𝑀1
𝑘𝑝12,1
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,21 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 × 𝑠2
𝑟2′
⁄  
3.6×106 24.6 
5, 6 
P6 
𝑅𝑖,12 +𝑀2
𝑘𝑝12,2
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,22 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 × 𝑠2 2.7×10
6 21.0 
5, 6 
P7 
𝑅𝑖,22 +𝑀1
𝑘𝑝22,1
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,21 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 𝑟2⁄  2.4×10
6 24.6 
5, 6 
P8 
𝑅𝑖,22 +𝑀2
𝑘𝑝22,2
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,22 
1.6×103 2.6×106 22.3 
6 
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Table D.1. Continued 
Activation 
A1 
𝑀𝑡
𝑛𝑋/𝐿 + 𝐼𝑋
𝑘𝑎,𝐼𝑋
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝐼 
𝑘𝑎22
𝑐ℎ𝑒𝑚 4.0×10
6 27.7 8 
A2 
𝑀𝑡
𝑛𝑋/𝐿 + 𝑅0𝑋
𝑘𝑎0
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅0 
𝑘𝑎22
𝑐ℎ𝑒𝑚 4.0×10
6 27.7 8 
A3 
𝑀𝑡
𝑛𝑋/𝐿 + 𝑅0𝑀1𝑋
𝑘𝑎01
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅0𝑀1 
𝑘𝑎11
𝑐ℎ𝑒𝑚 × 𝑠𝑎,1 7.1×10
5 32.6 
9, 10 
A4 
𝑀𝑡
𝑛𝑋/𝐿 + 𝑅0𝑀2𝑋
𝑘𝑎02
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅0𝑀2 
𝑘𝑎22
𝑐ℎ𝑒𝑚 4.0×10
6 27.7 8 
A5 
𝑀𝑡
𝑛𝑋/𝐿 + 𝐼𝑀1𝑋
𝑘𝑎𝐼1
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝐼𝑀1 
𝑘𝑎11
𝑐ℎ𝑒𝑚 × 𝑠𝑎,1 7.18×10
5 32.6 
9, 10 
A6 
𝑀𝑡
𝑛𝑋/𝐿 + 𝐼𝑀2𝑋
𝑘𝑎𝐼2
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝐼𝑀2 
𝑘𝑎22
𝑐ℎ𝑒𝑚 4.0×10
6 27.7 8 
A7 
𝑀𝑡
𝑛𝑋/𝐿 + 𝑅𝑖,11𝑋
𝑘𝑎11
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅𝑖,11 
3.0×10-1 1.5×104 32.6 
9 
A8 
𝑀𝑡
𝑛𝑋/𝐿 + 𝑅𝑖,22𝑋
𝑘𝑎22
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅𝑖,22 
4.1×102 4.0×10
6 27.7 8 
A9 
𝑀𝑡
𝑛𝑋/𝐿 + 𝑅𝑖,21𝑋
𝑘𝑎21
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅𝑖,21 
𝑘𝑎11
𝑐ℎ𝑒𝑚 × 𝑠𝑎,1 7.1×10
5 32.6 
9, 10 
A10 
𝑀𝑡
𝑛𝑋/𝐿 + 𝑅𝑖,12𝑋
𝑘𝑎12
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅𝑖,12 
𝑘𝑎22
𝑐ℎ𝑒𝑚 × 𝑠𝑎,2 1.5×10
8 40.1 
8, 10 
Deactivation 
DA1 
𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝐼
𝑘𝑑𝑎,𝐼
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛𝑋/𝐿 + 𝐼𝑋 𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 2.0×10
8 8.0 8 
DA2 
𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅0
𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛𝑋/𝐿 + 𝑅0𝑋 
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 2.0×10
8 8.0 8 
DA3 
𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅0𝑀1
𝑘𝑑𝑎01
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛𝑋/𝐿 + 𝑅0𝑀1𝑋 
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚 × 𝑠𝑑𝑎,1 1.9×10
8 8.0 3 
DA4 
𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅0𝑀2
𝑘𝑑𝑎02
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛𝑋/𝐿 + 𝑅0𝑀2𝑋 
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 2.0×10
8 8.0 8 
DA5 
𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝐼𝑀1
𝑘𝑑𝑎𝐼1
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛𝑋/𝐿 + 𝐼𝑀1𝑋 
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚 × 𝑠𝑑𝑎,1 1.9×10
8 8.0 
3 
DA6 
𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝐼𝑀2
𝑘𝑑𝑎𝐼2
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛𝑋/𝐿 + 𝐼𝑀2𝑋 
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 2.0×10
8 8.0 8 
DA7 
𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅𝑖,11
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛𝑋/𝐿 + 𝑅𝑖,11𝑋 
1.5×108 1.5×108 0.1 
3 
DA8 
𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅𝑖,22
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛𝑋/𝐿 + 𝑅𝑖,22𝑋 
1.4×107 2.0×10
8 8.0 8 
DA9 
𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅𝑖,21
𝑘𝑑𝑎21
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛𝑋/𝐿 + 𝑅𝑖,21𝑋 
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚 × 𝑠𝑑𝑎,1 1.9×10
8 8.0 
3 
DA10 
𝑀𝑡
𝑛+1𝑋2/𝐿 + 𝑅𝑖,12
𝑘𝑑𝑎12
𝑐ℎ𝑒𝑚
→   𝑀𝑡
𝑛𝑋/𝐿 + 𝑅𝑖,12𝑋 
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 × 𝑠𝑑𝑎,2 1.4×10
8 0.1 
8 
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Table D.1. Continued 
Termination 
T1 
𝑅0 + 𝑅0
𝑘𝑡𝑐,00
𝑐ℎ𝑒𝑚/𝑘𝑡𝑑,00
𝑐ℎ𝑒𝑚
→         𝑅0𝑅0/2𝑃0 
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T2 
𝑅0 + 𝑅𝑖,1
𝑘𝑡𝑐,0𝑖1
𝑐ℎ𝑒𝑚/𝑘𝑡𝑑,0𝑖1
𝑐ℎ𝑒𝑚
→         𝑃𝑖/𝑃𝑖 + 𝑃0 
T3 
𝑅0 + 𝑅𝑖,2
𝑘𝑡𝑐,0𝑖2
𝑐ℎ𝑒𝑚/𝑘𝑡𝑑,0𝑖2
𝑐ℎ𝑒𝑚
→         𝑃𝑖/𝑃𝑖 + 𝑃0 
T4 
𝑅𝑖,11 + 𝑅𝑗,11
𝑘𝑡𝑐,𝑖𝑗,1111
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1111
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T5 
𝑅𝑖,11 + 𝑅𝑗,12
𝑘𝑡𝑐,𝑖𝑗,1112
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1112
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T6 
𝑅𝑖,11 + 𝑅𝑗,21
𝑘𝑡𝑐,𝑖𝑗,1121
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1121
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T7 
𝑅𝑖,11 + 𝑅𝑗,22
𝑘𝑡𝑐,𝑖𝑗,1122
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1122
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T8 
𝑅𝑖,22 + 𝑅𝑗,12
𝑘𝑡𝑐,𝑖𝑗,2212
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,2212
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T9 
𝑅𝑖,22 + 𝑅𝑗,21
𝑘𝑡𝑐,𝑖𝑗,2221
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,2221
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T10 
𝑅𝑖,22 + 𝑅𝑗,22
𝑘𝑡𝑐,𝑖𝑗,2222
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,2222
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T11 
𝑅𝑖,12 + 𝑅𝑗,21
𝑘𝑡𝑐,𝑖𝑗,1221
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1221
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T12 
𝑅𝑖,12 + 𝑅𝑗,12
𝑘𝑡𝑐,𝑖𝑗,1212
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1212
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T13 
𝑅𝑖,21 + 𝑅𝑗,21
𝑘𝑡𝑐,𝑖𝑗,1221
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1221
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
 
  
Appendix D 307 
 
 
 
D.3 Determination of Arrhenius relationships for the (de)activation reactivity ratios 
As described in the main text, the activation radical reactivity ratios are taken from the 
experimental study of Kumar et al. at 308 K using the TEMPO trapping method:
10
 
sa,1 sa,2 
4.72 0.20 
If it is assumed that the deactivation steps are as good as not activated,
11, 12
 and hence their 
activation energies can be assumed zero, every ATRP activation/deactivation reaction enthalpy 
(∆𝑟𝐻) can be taken equal to the corresponding activation energy of the ATRP activation reaction. 
The activation energies for the ATRP activation radical reactivity ratios (sa,1 and sa,2) can be 
calculated as follow: 
From the definition of the activation radical reactivity ratio (here focus on “1”) 
𝑠𝑎,1 =
𝑘𝑎21
𝑐ℎ𝑒𝑚
𝑘𝑎11
𝑐ℎ𝑒𝑚 =
𝐴𝑎21
𝐴𝑎11
exp (−
1
𝑅 𝑇
(𝐸𝑎,𝑎21 − 𝐸𝑎,𝑎11)) (D.1) 
and the definition 
𝑠𝑎,1 = 𝐴(𝑠𝑎,1) exp (−
𝐸𝑎(𝑠𝑎,1)
𝑅 𝑇
) (D.2) 
It follows: 
𝐸𝑎(𝑠𝑎,1) = 𝐸𝑎,𝑎21 − 𝐸𝑎,𝑎11 
(D.3) 
 
The Evans-Polanyi relationship dictates that:
13
 
𝐸𝑎 = 𝐸0 + 𝛼(∆𝑟𝐻 − ∆𝑟𝐻0) (D.4) 
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in which E0 is the activation energy of a reference reaction of the same class, 𝛼 is a value between 
0 and 1 which characterizes the position of the transition state along the reaction coordinate, and 
∆𝑟𝐻 is the enthalpy of reaction. 
Hence it follows that: 
𝐸𝑎(𝑠𝑎,1) = (𝐸0 + 𝛼(∆𝑟𝐻21 − ∆𝑟𝐻0)) − (𝐸0 + 𝛼(∆𝑟𝐻11 − ∆𝑟𝐻0)) = 𝛼(∆𝑟𝐻21 − ∆𝑟𝐻11) (D.5) 
Since upon a comparison of different ATRP activations the only difference is the homolytic 
breakage of the R-X bond, it suffices to focus on the corresponding ΔHBDE only. The 
thermodynamic parameters related to the equilibrium coefficients for the homolytic bond rupture 
of M1-X bond in H-M2-M1-X (or H-M1-X for K0) are taken from the computational study by Lin 
et al.:
14
 
Table D.2. Reported thermodynamic parameters for the homolytic bond rupture of the M1-X Bond in H-
M2-M1-X by Lin et al. 
14
 
M2 M1 X ΔHBDE (kJ mol
-1
) K/K0 
- MA Br 273.5 1 
MA MA Br 281.0 0.63 
MMA MA Br 281.1 2.37 
- MMA Br 269.8 1 
MA MMA Br 271.5 12.18 
MMA MMA Br 256.1 43.77 
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The remaining unknown in eq. (D.5) is the value of α. Since it has been assumed that deactivation 
reactions are not activated, the energy levels of the transition state are very similar to the products 
(radical and deactivator). Taking into account Hammond’s postulate15 which dictates that a so-
called “late” transition state is valid and literature data16 it is safe to assume that 𝛼 will approach 
1, also keeping in mind the illustrative nature of the present work: 
𝐸𝑎(𝑠𝑎,1) = 281.08 𝑘𝐽 𝑚𝑜𝑙
−1 − 281.04 𝑘𝐽 𝑚𝑜𝑙−1 = 0.42 𝑘𝐽 𝑚𝑜𝑙−1 ≅ 0 𝑘𝐽 𝑚𝑜𝑙−1 (D.6) 
𝐸𝑎(𝑠𝑎,2) = 271.54 𝑘𝐽 𝑚𝑜𝑙
−1 − 256.06 𝑘𝐽 𝑚𝑜𝑙−1 = 15.48 𝑘𝐽 𝑚𝑜𝑙−1 (D.7) 
The latter allows to calculate sa,1 and sa,2 at 298K. Furthermore, with the following relations the 
temperature independent sda,1 and sda,2 can be calculated: 
(𝐾 𝐾0
⁄ )
21
(𝐾 𝐾0
⁄ )
11
=
𝑘𝑎21
𝑐ℎ𝑒𝑚
𝑘𝑑𝑎21
𝑐ℎ𝑒𝑚⁄
𝑘𝑎11
𝑐ℎ𝑒𝑚
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚⁄
=
𝑠𝑎,1
𝑠𝑑𝑎,1
 (D.8) 
(𝐾 𝐾0
⁄ )
12
(𝐾 𝐾0
⁄ )
22
=
𝑘𝑎12
𝑐ℎ𝑒𝑚
𝑘𝑑𝑎12
𝑐ℎ𝑒𝑚⁄
𝑘𝑎22
𝑐ℎ𝑒𝑚
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚⁄
=
𝑠𝑎,2
𝑠𝑑𝑎,2
 (D.9) 
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Table D.3. Intrinsic rate coefficients for propagation and (de)activation reactions for both the PMU and 
the terminal model for the ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate (M2) using 
Cu(II)Br2/PMDETA as deactivator at 363 K. 
 k (L mol
-1
 s
-1
) PMU T 
P
ro
p
ag
at
io
n
 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 5.6 × 10
4 
5.6 × 10
4
 
𝑘𝑝11,2
𝑐ℎ𝑒𝑚 1.1 × 10
5
 1.1 × 10
5
 
𝑘𝑝21,1
𝑐ℎ𝑒𝑚 2.5 × 10
4
 5.6 × 10
5
 
𝑘𝑝21,2
𝑐ℎ𝑒𝑚 5.1 × 10
4
 1.1 × 10
5
 
𝑘𝑝12,1
𝑐ℎ𝑒𝑚 1.0 × 10
3
 6.7× 10
2
 
𝑘𝑝12,2
𝑐ℎ𝑒𝑚 2.5 × 10
3
 1.6 × 10
3
 
𝑘𝑝22,1
𝑐ℎ𝑒𝑚 6.8 × 10
2
 6.7 × 10
2
 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 1.6 × 10
3
 1.6 × 10
3
 
A
ct
iv
at
io
n
 
𝑘𝑎11
𝑐ℎ𝑒𝑚 3.0 × 10
-1
 3.0 × 10
-1
 
𝑘𝑎22
𝑐ℎ𝑒𝑚 4.1 × 10
2
 4.1 × 10
2
 
𝑘𝑎21
𝑐ℎ𝑒𝑚 1.5 × 10
0
 3.0 × 10
-1
 
𝑘𝑎12
𝑐ℎ𝑒𝑚 2.1× 10
2
 4.1 × 10
2
 
D
ea
ct
iv
at
io
n
 
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚 1.4 × 10
8
 1.4 × 10
8
 
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 1.4 × 10
7
 1.4 × 10
7
 
𝑘𝑑𝑎21
𝑐ℎ𝑒𝑚 1.7 × 10
8
 1.4 × 10
8
 
𝑘𝑑𝑎12
𝑐ℎ𝑒𝑚 8.3 × 10
6
 1.4 × 10
7
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D.4 Calculation of apparent termination rate coefficients 
The apparent homotermination rate coefficients (same chain lengths and monomer units in the 
present work) are calculated according to the RAFT-CLD-T method.
17
 As before, RAFT-CLD-T 
values for methyl acrylate are used as an approximation for those of nBuA. 
for 𝑖 < 𝑖gel and 𝑖 < 𝑖SL: 𝑘t,ii
app
= 𝑘t,0
app
𝑖−𝛼s 
for 𝑖 < 𝑖gel and 𝑖 ≥ 𝑖SL: 𝑘t,ii
app
= 𝑘t,0
app
𝑖SL
𝛼l−𝛼s𝑖−𝛼l 
for 𝑖 ≥ 𝑖gel and 𝑖 < 𝑖SL: 𝑘t,ii
app
= 𝑘t,0
app
𝑖
gel
𝛼gel−𝛼s𝑖−𝛼gel  
for 𝑖 ≥ 𝑖gel and 𝑖 < 𝑖SL: 𝑘t,ii
app
= 𝑘t,0
app
𝑖SL
𝛼l−𝛼s𝑖
gel
𝛼gel−𝛼l𝑖−𝛼gel 
(D.10) 
The used RAFT-CLD-T parameters are given in Table D.4. 
Table D.4. RAFT-CLD-T parameters for n-butyl acrylate (M1) and methyl methacrylate (M2); data for 
homopolymerization.
17
 
 M1 M2 
𝑖gel 5.40 Xm
-2.51 
0.53 Xm
-2.5 
𝑖𝑆𝐿 30 100 
𝛼s 0.31 0.65 
𝛼l 0.31 0.15 
𝛼gel 0.81 Xm + 0.14 1.66 Xm -0.06 
log(𝑘𝑡,0
𝑎𝑝𝑝) 8.9 9.1 
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Because chain length distributions are narrow, the chain length i in the composite kt model can be 
approximated by the average chain length of the dormant molecules, denoting the apparent 
homotermination rate coefficients for each monomer respectively as 𝑘t,M1
app
 and 𝑘t,M2
app
. 
Based on the obtained apparent homotermination rate coefficients, a weighted rate coefficient 
〈𝑘𝑡
𝑎𝑝𝑝〉 is calculated for the copolymerization process to take into account the chemical 
composition of the copolymer product, although first ignoring the nature of the terminal 
monomer units. 
〈𝑘𝑡,𝑎𝑝𝑝〉 =
#𝑀1,𝑟𝑒𝑎𝑐𝑡𝑒𝑑
#𝑀1,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 + #𝑀2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝑘t,M1
app
+
#𝑀2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑
#𝑀1,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 + #𝑀2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝑘t,M2
app
 (D.11) 
In a next step, 〈𝑘𝑡
𝑎𝑝𝑝〉 is corrected for the nature of the terminal units participating in the 
termination and the termination mode, using the fraction of recombination (𝑓𝑟𝑒𝑐,𝑀𝑖) as defined for 
equal terminal monomer units (“11” and “22”). Acrylates most probably terminate mostly via 
recombination,
18
 whereas it is widely accepted that methacrylates display a preference for 
disproportionation.
19
 For methacrylates, a temperature dependent relationship between the ratio 
of disproportionation and recombination is available (eq. (D.12)). 
1 − 𝑓𝑟𝑒𝑐,𝑀2
𝑓𝑟𝑒𝑐,𝑀2
= 0.556 exp (−
−1.854 𝑘𝐽 𝑚𝑜𝑙−1
𝑅 𝑇
) (D.12) 
No such relation is available for acrylates, therefore it is assumed that for acrylates all termination 
happens via recombination at all temperatures (𝑓𝑟𝑒𝑐,𝑀1 = 1).  
For termination between macrospecies of alike and unlike terminal nature, the apparent 
termination rate coefficients can thus be calculated as follows: 
𝑘𝑡𝑐,𝑖𝑗,11
𝑎𝑝𝑝 = 𝑓𝑟𝑒𝑐,𝑀1〈𝑘𝑡,𝑎𝑝𝑝〉; 𝑘𝑡𝑑,𝑖𝑗,11
𝑎𝑝𝑝 = (1 − 𝑓𝑟𝑒𝑐,𝑀1)〈𝑘𝑡,𝑎𝑝𝑝〉 (D.13) 
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𝑘𝑡𝑐,𝑖𝑗,22
𝑎𝑝𝑝 = 𝑓𝑟𝑒𝑐,𝑀2〈𝑘𝑡,𝑎𝑝𝑝〉; 𝑘𝑡𝑑,𝑖𝑗,22
𝑎𝑝𝑝 = (1 − 𝑓𝑟𝑒𝑐,𝑀2)〈𝑘𝑡,𝑎𝑝𝑝〉 (D.14) 
𝑘𝑡𝑐,𝑖𝑗,12
𝑎𝑝𝑝 =
𝑓𝑟𝑒𝑐,𝑀1 + 𝑓𝑟𝑒𝑐,𝑀2
2
〈𝑘𝑡,𝑎𝑝𝑝〉; 𝑘𝑡𝑑,𝑖𝑗,12
𝑎𝑝𝑝 =
(1 − 𝑓𝑟𝑒𝑐,𝑀1) + (1 − 𝑓𝑟𝑒𝑐,𝑀2)
2
〈𝑘𝑡,𝑎𝑝𝑝〉 (D.15) 
Termination between mono- or dimeric species and their termination with macrospecies are also 
taken into account. For termination between the small mono- and dimeric species, the secondary 
or tertiary nature of the species is taken into account and the corresponding 𝑘𝑡,0
𝑎𝑝𝑝
 is used as 
termination rate coefficient. For the termination of small or macroradicals, the apparent 
termination rate coefficient is determined as the square root of the product.
20
 
D.5 Identification of suited batch conditions and initiator types 
In this subsection, the major results of the grid simulations are discussed, considering only batch 
reaction conditions at a reference temperature of 363 K with for both comonomers the same 
initial molar amounts ([M1]0 = [M2]0). The grid simulations include variations of the following 
ICAR ATRP characteristics: (i) the targeted chain length (TCL; 100-350), which is defined as the 
initial molar ratio of monomer to ATRP initiator, (ii) the initial deactivator amount (10-70 ppm), 
(iii) the initial molar ratio of conventional radical initiator to ATRP initiator ([I2]0/[R0X]0; 0.015-
0.05), (iv) the dissociation rate coefficient (𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚; 6.3 × 10
-6
 - 2.5 × 10
-4
 s
-1
), and (v) the 
activation rate coefficient of the ATRP initiator (𝑘𝑎0
𝑐ℎ𝑒𝑚; 3.0 × 10
-1
 - 4.1 × 10
2
 L mol
-1
 s
-1
). For 
simplicity the corresponding deactivation rate coefficient (𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚) is not altered, as preliminary 
simulations showed that this parameter is kinetically less significant (see further this subsection). 
D.5.1 Grid results for polymerization time and dispersity 
In Figure D.2, the final polymerization times to reach a Xm of 0.80 and the corresponding 
dispersities are depicted, each time varying 2 characteristics while keeping the other ones fixed as 
defined by the yellow spheres in the other subplots. These spheres also relate to the optimal set of 
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batch ICAR ATRP characteristics as determined via the grid simulations. The corresponding 
average chain length (xn) and EGF values are given for completeness in Figure D.3 of the 
Supporting Information. Since in all cases the control over chain length can be best represented 
by an inspection of the dispersity plots and the EGF values are all very high (> 0.95) this 
preference of Figure D.2 over Figure D.3 to identify optimal ICAR ATRP characteristics can be 
explained. 
 
Figure D.2. Mapping of the impact of (a-c) the targeted chain length (TCL) and initial Cu(II) level, (c-d) 
[I2]0/[R0X]0 and dissociation rate coefficient (𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚) on the polymerization time (left) and dispersity 
(right) (overall conversion of Xm = 0.80) for ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate 
(M2) at 363K with [M1]0 = [M2]0; yellow dots: optimized batch system with tertiary ATRP initiator 
(𝑘𝑎0
𝑐ℎ𝑒𝑚 =4.1 × 102 L mol-1 s-1) and [M]0:[R0X]:[I2]0 = 200:1:0.03 and initial Cu(II) ppm level = 40 ppm. 
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Figure D.3. Mapping of the impact of (a) targeted chain length (TCL) and initial Cu(II) level, (b) 
[I2]/[R0X] and conventional initiator dissociation rate coefficient (𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚), (c) 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 and ATRP initiator 
(R0X) activation rate coefficient (𝑘𝑎0
𝑐ℎ𝑒𝑚) for the ICAR ATRP of n-butyl acrylate (M1) and methyl acrylate 
(M2) at 363K on number averaged chain length (xn) and the end-group functionality (EGF) at an overall 
monomer conversion of Xml = 0.80. Yellow and pink dot: reference condition for tertiary and secondary 
ATRP initiator, respectively; [M]0:[R0X]:[I2]0 = 200:1:0.03, [M1]0 = [M2]0, initial Cu(II) ppm level = 40 
ppm; corresponding figure for polymerization time and dispersity Figure 6.3 in the main text; parameters: 
see Table D.1. 
Keeping in mind that low initial deactivator amounts are preferred in ICAR ATRP,
21, 22
 it can be 
seen in Figure D.2(a)-(b) that a trade-off between a reasonable polymerization rate and control 
over the polymer microstructure needs to be made, i.e. to reach the desired Xm of 0.80 lower 
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reaction times can be achieved by selecting lower initial deactivator amounts and TCLs, however 
these conditions result in higher dispersities. Therefore, an intermediate TCL of 200 and an initial 
deactivator amount of 40 ppm have been selected to define the suited batch ICAR ATRP system 
(yellow spheres), as these reaction conditions lead to an acceptable reaction time of ca. 11 hours 
while preserving control over the polymer microstructure with a dispersity of ca. 1.3. Similarly, 
[I2]0/[R0X]0 and 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 need to possess intermediate values, as illustrated in Figure D.2 (c)-(d). 
Optimal values of 0.03 and 5 × 10
-5
 s
-1
 (yellow spheres) are defined with higher values leading to 
fast but too uncontrolled ICAR ATRPs and lower ones resulting in a high microstructural control 
but a too slow polymerization. Note that the optimal 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚  value is in good correspondence with 
commercially available conventional radical initiators.
4
 
D.5.2 Grid results for number average chain length and end-group functionality 
For variation of the TCL and the initial Cu(II) level it can be seen that the xn shows a linear 
relationship with the TCL and is rather insensitive to the initial Cu(II) level, whereas the EGF 
varies only in a small range and shows in increase for higher initial Cu(II) levels. Varying 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 
and [I2]0/[R0X]0 leads to a decrease of xn, with higher values leading to an increased divergence 
from the ideal xn profile as a higher number of I˙ radicals is introduced in the system which has 
also been observed experimentally in previous ICAR ATRP homopolymerization studies,
23
 and 
EGF for higher 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 and [I2]0/[R0X]0, which can be attributed to the higher number radicals 
being released. Finally, varying 𝑘𝑎0
𝑐ℎ𝑒𝑚 and 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 confirms the threshold for 𝑘𝑎0
𝑐ℎ𝑒𝑚 as explained 
in the main text and thus confirms the slow initiation for low 𝑘𝑎0
𝑐ℎ𝑒𝑚 values leading to higher xn 
values. The EGF is for the entire range relatively high but also confirms the loss of control for 
lower 𝑘𝑎0
𝑐ℎ𝑒𝑚 and higher 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 values. 
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D.5.3 Detailed insights as a function of overall monomer conversion 
In Figure D.4, some more detailed insights into the grid simulations are given by focusing on the 
full evolutions from low to high overall monomer conversion. A lower initial Cu(II) level leads to 
a slower establishment of the initiation regime (Figure D.4(b)). A higher Rprop/Rdeac is also 
obtained along the process (Figure D.4(c)), highlighting again a less pronounced level of 
microstructural control. 
For a given ratio of the initial amount of conventional initiator (I2) to ATRP initiator (R0X), a 
parabolic shape in both the reaction time and final dispersity appears in the main text (Figure 
6.3(c)-(d)). Selecting three characteristic points of this parabolic shape, allows a more detailed 
kinetic understanding (Figure D.4; bottom row). A too high 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 leads to a rapid dissociation of 
the conventional initiator and thus also a high initial propagation rate (Figure D.4; bottom; right; 
blue line). However, a significant amount of termination reactions also lead to a build-up of 
deactivator thereby ultimately slowing down the polymerization, at the same time leading to a 
much lower Rprop/Rdeac ratio thus resulting in an improved control at these higher conversions. A 
too low 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 value results in a high deactivator concentration along the whole polymerization. 
As a result, a long reaction time and polymerization with a good microstructural control results 
(red lines). Selecting a conventional initiator with an appropriate 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 value results in a 
dramatic decrease of polymerization time while maintaining a sufficiently low Rprop/Rdeac, thus 
resulting in a reasonable control over the polymerization (green lines in Figure D.4; bottom row). 
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Figure D.4. (a and d) Overall monomer conversion as a function of time, (b and e) dispersity (full lines) 
and number averaged chain length (dotted lines), (c and f) ratio of propagation rate to deactivation rate 
as a function of the overall monomer conversion for batch ICAR ATRP of n-butyl acrylate (M1) and methyl 
methacrylate (M2) at 363K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0 using a tertiary ATRP initiator 
for: (a-c) an initial Cu(II) level of 10 (red), 40 (green), 70 (blue) ppm; (d-f) a 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 of 1.0 × 10
-5
 (blue), 
5.0 × 10
-5
 (green), and 2.0 × 10
-4
 (red) using an initial Cu(II) level of 40 ppm; parameters: see Table D.1. 
The influence of 𝑘𝑎0
𝑐ℎ𝑒𝑚 has already been discussed in the main text and is mainly related to the 
initiation stage. Apart from the discussion secondary versus tertiary ATRP initiators, a few other 
peculiarities arise upon further inspection of Figure 6.3(e-f) (main text). At the reference 𝑘𝑎0
𝑐ℎ𝑒𝑚, it 
can be seen that an optimal 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 value exists for which a minimal reaction time can be achieved 
whilst having a limited influence on the dispersity. Again, this has to do with a depletion of 
conventional radical initiator or to slow dissociation and the corresponding effect on the 
deactivator concentration leading to the observed changes in the polymerization rate and 
Rprop/Rdeac. The combination of both very low 𝑘𝑎0
𝑐ℎ𝑒𝑚 and 𝑘𝑑𝑖𝑠
𝑐ℎ𝑒𝑚 values (upper left corner Figure 
D.3(e-f)) leads to FRP-like conditions resulting in a dispersity close to 2 and shorter reaction 
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times as to much initiator is released and activation of the R0X species occurs at a slow rate 
resulting in low deactivator and high radical concentrations. 
 
Figure D.5. (a) Overall monomer conversion as a function of time, (b) dispersity (Ð, blue) and number 
averaged chain length (xn, green) as a function of the overall monomer conversion for batch ICAR ATRP 
of n-butyl acrylate (M1) and methyl methacrylate (M2) at 363K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = 
[M2]0; initial Cu(II) ppm level = 40 ppm) using a secondary (𝑘𝑎0
𝑐ℎ𝑒𝑚= 𝑘𝑎11
𝑐ℎ𝑒𝑚) ATRP initiator with 𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚 
= 𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚 (full lines; factor 10 higher) and 𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚 = 𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 (dotted lines); parameters: see Table D.1. 
D.5.4 Validation of constant 𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚for grid simulations 
The grid simulation in Figure 6.3 (main text) and Figure D.3 vary 𝑘𝑎0
𝑐ℎ𝑒𝑚 to find a suitable ATRP 
initiator which allows a good microstructural control. It is assumed that the value of 𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚 can be 
held fixed at the value of the reference tertiary R0X species. However, it can be expected at first 
sight that as 𝑘𝑎0
𝑐ℎ𝑒𝑚 changes, also a change in the value of 𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚 is needed. However preliminary 
simulation showed that the latter is not needed. In Figure D.5 it is demonstrated for a secondary 
ATRP initiator (pink dot in Figure D.3), that a negligible influence on the polymerization kinetics 
results upon assuming a higher rate coefficient (𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚=1.4 10
8
 L mol
-1
 s
-1
) than the one used of 
the grid which is strictly only representative for the tertiary case (𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚=1.4 10
7
 L mol
-1
 s
-1
). As 
the effect of assuming a 𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚 of a tertiary ATRP initiator can be expected to be most 
pronounced for a simulation with a secondary ATRP initiator, it is safe to say that for the entire 
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𝑘𝑎0
𝑐ℎ𝑒𝑚 range considered for the grid simulations the assumption made in this work (𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚=1.4 
10
7
 L mol
-1
 s
-1
) is afforded. 
D.5.5 Radical concentrations for the secondary and tertiary ATRP initiator type 
Figure D.6 shows the concentrations for the 4 different macroradicals for a tertiary (full line) and 
secondary (dotted line) ATRP initiator. As terminal nBuA macroradicals are quickly transformed 
into terminal MMA macroradicals, the radical concentrations of the former are ca. two orders of 
magnitude lower than the terminal MMA macroradicals. On the other hand, the deactivation rate 
coefficient of terminal nBuA radicals is ca. one order of magnitude higher than for terminal 
MMA radicals, resulting in an rather similar initial build-up of all dormant macrospecies in the 
early stages of the polymerization (Figure 6.4(d) in the main text). 
 
Figure D.6. (a-b) concentration of radical macrospecies (τ11, blue; τ22, green; τ12, red; τ21, brown) as a 
function of overall monomer conversion for ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate 
(M2) at 363 K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0;Cu(II) ppm level = 40 ppm) using a 
secondary (dotted lines) and a tertiary (full lines) ATRP initiator; parameters: see Table D.1. 
D.6 Relevance of penultimate monomer unit effects 
In Figure D.7, the influence of penultimate monomer unit effects on the concentration of dormant 
macrospecies is shown, as related to Figure 6.7 and 6.8 of the main text. Note the difference in 
the maximal concentration of the dormant τ12 species, as it influences the onset of the second 
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initiation stage, and the change in concentration of τ21 after the initiation stage is completed, 
between model 1/3 and model 2/4. The corresponding deactivator concentrations are given in 
Figure D.8. The influence on the explicit microstructure of the final copolymer chains is shown in 
Figure D.9. Similar microstructures result, but the full PMU model leads to the lowest dispersity. 
 
Figure D.7. Concentration of dormant macrospecies (τ11, blue; τ22, green; τ12, red; τ21, brown) as a 
function of overall monomer conversion for ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate 
(M2) at 363K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0; Cu(II) ppm level = 40 ppm) using and a 
tertiary (𝑘𝑎0
𝑐ℎ𝑒𝑚 = 𝑘𝑎22
𝑐ℎ𝑒𝑚; full lines) ATRP initiator; (a): full PMU model (model 1), (b): only PMU effects 
on (de)activation reactions (model 2), (c): only PMU effects on propagation reactions (model 3), (d): full 
terminal model (model4); parameters: see Table D.1. 
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Figure D.8. Concentration of deactivator as a function of overall monomer conversion for ICAR ATRP of 
n-butyl acrylate (M1) and methyl methacrylate (M2) at 363K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = 
[M2]0; Cu(II) ppm level = 40 ppm) using and a tertiary (𝑘𝑎0
𝑐ℎ𝑒𝑚 = 𝑘𝑎22
𝑐ℎ𝑒𝑚; full lines) ATRP initiator full 
green lines: complete penultimate model (propagation and ATRP (de)activation; model 1); dashed-dotted 
blue lines: only PMU effects on ATRP (de)activation (model 2); dotted brown lines: only PMU effects on 
propagation (model 3); dashed red lines: complete terminal model (model 4); parameters: see Table D.1. 
 
Figure D.9. Explicit copolymer composition of ca. 400 chains out of a representative polymer sample of 
150000 chains at an overall monomer conversion of 0.8 for ICAR ATRP of n-butyl acrylate (M1; red) and 
methyl methacrylate (M2; green) at 363 K ([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0; initial Cu(II) 
ppm level = 40 ppm) using a tertiary ATRP initiator with (a) complete penultimate model (propagation 
and ATRP (de)activation); (b) only PMU effects on ATRP (de)activation; (c) only PMU effects on 
propagation; (d) complete terminal model; parameters: see Table D.1. 
D.7 Relevance of temperature  
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The evolution of the gradient qualities, as related to Figure 6.10 (main text), are shown in Figure 
D.10. As can be seen, applying a full penultimate model at three temperatures, i.e. 343, 353, and 
363 K, (in Figure D.10(a)), only results in minor changes in the gradient quality. However, the 
effect of using erroneous reactivity ratios at 293 K (brown line Figure D.10(b)), compared with 
the correct ones (green line Figure D.10(b)) does lead to large deviations of the obtained gradient 
quality, thus emphasizing the need for the determination of temperature dependent reactivity 
ratios. 
 
Figure D.10. Influence of temperature effects on the gradient quality (<GD>) as a function of overall 
monomer conversion for batch ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate (M2) 
([M]0:[R0X]0:[I2]0 = 200:1:0.03; [M1]0 = [M2]0; Cu(II) ppm level = 40 ppm) using a tertiary initiator; (a) 
full PMU model at 363 K (red line), 353 K (blue line), 343 K (green line), (b) full PMU model at 363K 
using correct reactivity ratios at 363 K (green line), full PMU model at 363 K but using the typical 
literature values for the reactivity ratios at 293 K (brown line); parameters: see Table D.1. 
D.8 Identification of most suited multi-component fed-batch strategy 
In Table D.5 the final ICAR ATRP properties are given for several analogous fed-batch 
strategies, i.e. starting with M1 vs. M2 and a secondary vs. tertiary R0X type. As can be seen, 
starting with M2, thus along with the naturally occurring gradient, only leads to a good ICAR 
ATRP if a secondary R0X is used and this with a relatively high and thus not favorable final 
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dispersity. Using a tertiary R0X results in a very inefficient R0X initiation stage and only reaches a 
very low overall monomer conversion. Starting with M1 leads to a successful ICAR ATRP using 
both R0X types with very similar final properties. As a tertiary R0X has been identified as the 
optimal one in the batch reference case, it was opted to also use under fed-batch conditions a 
tertiary R0X starting with M1, as this leads to the best microstructural control. 
Table D.5. Final ICAR ATRP properties for several starting configurations ICAR ATRP of n-butyl 
acrylate (M1) and methyl methacrylate (M2) at 363K using a fed-batch program as described in the main 
text; parameters: see Table D.1. 
  properties at end of ICAR ATRP 
starting 
monomer 
R0X 
type 
time (h) Xm (-) xn (-) Ð (-) EGF (-) 
M
1
 sec 58 0.8 156 1.22 0.97 
tert 61 0.8 156 1.21 0.97 
M
2
 sec 55 0.8 157 1.42 0.98 
tert 40 0.002 417 1.65 0.99 
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D.9 Cumulative copolymerization compositions 
 
Figure D.11. Cumulative copolymer composition (F1,cum) as a function of overall monomer conversion for 
ICAR ATRP of n-butyl acrylate (M1) and methyl methacrylate (M2) at 363K ([M]0:[R0X]0:[I2]0 = 
200:1:0.03; [M1]0 = [M2]0; Cu(II) ppm level = 40 ppm): (a) using a secondary (𝑘𝑎0
𝑐ℎ𝑒𝑚= 𝑘𝑎11
𝑐ℎ𝑒𝑚; dotted 
lines) and a tertiary (𝑘𝑎0
𝑐ℎ𝑒𝑚= 𝑘𝑎22
𝑐ℎ𝑒𝑚; full lines) ATRP initiator (Figure 6.4 in Main text) and (b) 
considering several PMU effects (Figure 6.7 in Main text): full green lines: complete penultimate model 
(propagation and ATRP (de)activation; model 1); dashed-dotted blue lines: only PMU effects on ATRP 
(de)activation (model 2); dotted brown lines: only PMU effects on propagation (model 3); dashed red 
lines: complete terminal model (model 4); (c) full PMU model at 363 K (full lines), 353 K (dashed lines), 
343 K (dotted lines); (d) full PMU model at 363K using correct reactivity ratios at 363 K (full lines), 
complete PMU model at 363 K but using the typical literature values for the reactivity ratios at 293 K 
(dashed lines); parameters: see Table D.1. 
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Appendix E. A qualitative evaluation of the impact of SG1 disproportionation 
and the addition of styrene in nitroxide mediated polymerization of methyl 
methacrylate 
E.1 Overview of experimental conditions 
Table E.1. Overview of experimental conditions 
# 
Temperature (set-point) 
(K) 
TCL (-) 
Initial m% sty (-
) 
1 333 200 0 
2 343 200 0 
3 353 200 0 
4 363 200 2.5 
5 363 200 5 
6 363 200 10 
7 363 500 5 
8 363 500 10 
9 363 750 5 
10 363 750 7.5 
11 363 750 10 
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E.2 Kinetic model 
The reaction scheme (including penultimate monomer unit effects if necessary; see main text) 
used to simulate the nitroxide mediated polymerization of MMA with or without a small amount 
of styrene is given in Table E.2. 
Table E.2. Reactions and Arrhenius parameters for the simulation of NMP methyl methacrylate (M1) and 
styrene (M2) using BlocBuilder as NMP initiator (R0X). 
Reaction   kchem (363 K) 
((L mol-1)) s-1 
A ((L mol-1)) s-1 Ea (kJ mol
-1) ref 
ch
ai
n
 i
n
it
ia
ti
o
n
 
CI1 𝑅0 +𝑀1
𝑘𝑝01
𝑐ℎ𝑒𝑚
→   𝑅0𝑀1 
10 × 𝑘𝑝11,1
𝑐ℎ𝑒𝑚  (1.6 × 104) 2.67 × 107 22.4 1, 2 
CI2 𝑅0 +𝑀2
𝑘𝑝02
𝑐ℎ𝑒𝑚
→   𝑅0𝑀2 
6.6 × 103 1.55 × 106 16.5 3 
CI3 𝑅0𝑀1 +𝑀1
𝑘𝑝𝑅0𝑀1,1
𝑐ℎ𝑒𝑚
→     𝑅11 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 (1.64 × 104) - - - 
CI4 𝑅0𝑀1 +𝑀2
𝑘𝑝𝑅0𝑀1,2
𝑐ℎ𝑒𝑚
→     𝑅12 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 𝑟1⁄  (3.2 × 10
3) - - - 
CI5 𝑅0𝑀2 +𝑀1
𝑘𝑝𝑅0𝑀2,1
𝑐ℎ𝑒𝑚
→     𝑅21 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 × 𝑠2
𝑟2′
⁄  (6.4 × 102) - - - 
CI6 𝑅0𝑀2 +𝑀2
𝑘𝑝𝑅0𝑀2,2
𝑐ℎ𝑒𝑚
→     𝑅22 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 × 𝑠2 (3.2 × 10
2) - - - 
P
ro
p
ag
at
io
n
 
P1 𝑅𝑖,11 +𝑀1
𝑘𝑝11,1
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,11 
1.6 × 103 2.67 × 106 22.4 1 
P2 𝑅𝑖,11 +𝑀2
𝑘𝑝11,2
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,12 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 𝑟1⁄  (3.2 × 10
3) - - - 
P3 𝑅𝑖,21 +𝑀1
𝑘𝑝21,1
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,11 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 × 𝑠1 (9.6 × 10
2) - - - 
P4 𝑅𝑖,21 +𝑀2
𝑘𝑝21,2
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,12 
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 × 𝑠1
𝑟1′
⁄  (1.9 × 103) - - - 
P5 𝑅𝑖,12 +𝑀1
𝑘𝑝12,1
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,21 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 × 𝑠2
𝑟2′
⁄  (6.4 × 102) - - - 
P6 𝑅𝑖,12 +𝑀2
𝑘𝑝12,2
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,22 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 × 𝑠2(3.2 × 10
2) - - - 
P7 𝑅𝑖,22 +𝑀1
𝑘𝑝22,1
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,21 
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 𝑟2⁄  (1.8 × 10
3) - - - 
P8 𝑅𝑖,22 +𝑀2
𝑘𝑝22,2
𝑐ℎ𝑒𝑚
→   𝑅𝑖+1,22 
9.00 × 102 4.24 × 107 32.5 4 
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Table E.2. Continued 
A
ct
iv
at
io
n
 
A1 𝑅0𝑋
𝑘𝑎0
𝑐ℎ𝑒𝑚
→   𝑅0 + 𝑋 
8.28 × 10-3 1.16 × 1013 105.3 5 
A2 𝑅0𝑀1𝑋
𝑘𝑎01
𝑐ℎ𝑒𝑚
→   𝑅0𝑀1 + 𝑋 
𝑘𝑎11
𝑐ℎ𝑒𝑚 (1.16) - - - 
A3 𝑅0𝑀2𝑋
𝑘𝑎02
𝑐ℎ𝑒𝑚
→   𝑅0𝑀2 + 𝑋 
𝑘𝑎22
𝑐ℎ𝑒𝑚 × 𝑠𝑎,2 (1.08 × 10
-3) - - - 
A4 𝑅𝑖,11𝑋
𝑘𝑎11
𝑐ℎ𝑒𝑚
→   𝑅𝑖,11 + 𝑋 
1.16 2.40 × 1014 99.5 6 
A5 𝑅𝑖,22𝑋
𝑘𝑎22
𝑐ℎ𝑒𝑚
→   𝑅𝑖,22 + 𝑋 
1.65 × 10-4 4.04 × 1017 148.7 5 
A6 𝑅𝑖,21𝑋
𝑘𝑎21
𝑐ℎ𝑒𝑚
→   𝑅𝑖,21 + 𝑋 
𝑘𝑎11
𝑐ℎ𝑒𝑚 × 𝑠𝑎,1 (6.9 × 10
-2) - - - 
A7 𝑅𝑖,12𝑋
𝑘𝑎12
𝑐ℎ𝑒𝑚
→   𝑅𝑖,12 + 𝑋 
𝑘𝑎22
𝑐ℎ𝑒𝑚 × 𝑠𝑎,2 (1.08 × 10
-3) - - - 
D
ea
ct
iv
at
io
n
 
DA1 𝑅0 + 𝑋
𝑘𝑑𝑎0
𝑐ℎ𝑒𝑚
→   𝑅0𝑋 
2.80 × 106 2.80 × 106 0.0 5 
DA2 𝑅0𝑀1 + 𝑋
𝑘𝑑𝑎01
𝑐ℎ𝑒𝑚
→   𝑅0𝑀1𝑋 
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚 (1.10 × 105) - - - 
DA3 𝑅0𝑀2 + 𝑋
𝑘𝑑𝑎02
𝑐ℎ𝑒𝑚
→   𝑅0𝑀2𝑋 
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 × 𝑠𝑑𝑎,2 
(1.10 × 106) 
- - - 
DA4 
𝑅𝑖,11 + 𝑋
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚
→   𝑅𝑖,11𝑋 
1.10 × 105 1.40 × 105 0.0 this 
worka 
DA5 𝑅𝑖,22 + 𝑋
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚
→   𝑅𝑖,22𝑋 
1.10 × 106 1.10 × 106 0.0 5 
DA6 𝑅𝑖,21 + 𝑋
𝑘𝑑𝑎21
𝑐ℎ𝑒𝑚
→   𝑅𝑖,21𝑋 
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚 × 𝑠𝑑𝑎,1 
(1.10 × 105) 
- - - 
DA7 𝑅𝑖,12 + 𝑋
𝑘𝑑𝑎12
𝑐ℎ𝑒𝑚
→   𝑅𝑖,12𝑋 
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 × 𝑠𝑑𝑎,2 
(1.10 × 106) 
- - - 
N
it
ro
x
id
e 
si
d
e 
R
ea
ct
io
n
s 
TR1 
𝑅𝑖,11 + 𝑋
𝑘𝑡𝑟𝑀11𝑋
𝑐ℎ𝑒𝑚
→     𝑃𝑖
+ 𝑋𝐻 
3.0 × 103 1.40 × 107 22.5 this 
work 
TR2 
𝑅𝑖,21 + 𝑋
𝑘𝑡𝑟𝑀21𝑋
𝑐ℎ𝑒𝑚
→     𝑃𝑖
+ 𝑋𝐻 
3.0 × 103 1.40 × 107 22.5 this 
work 
a
 𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚 has been increased with a factor of 10 compared with its literature value.6 
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Table E.2. Continued 
Termination 
T1 
𝑅0 + 𝑅0
𝑘𝑡𝑐,00
𝑐ℎ𝑒𝑚/𝑘𝑡𝑑,00
𝑐ℎ𝑒𝑚
→         𝑅0𝑅0/2𝑃0 
R
A
F
T
-C
L
D
-T
 ap
p
aren
t k
in
etic p
aram
eters to
 acco
u
n
t fo
r d
iffu
sio
n
al lim
itatio
n
s o
n
 term
in
atio
n
; n
o
 in
trin
sic p
aram
eters  
T2 
𝑅0 + 𝑅𝑖,1
𝑘𝑡𝑐,0𝑖1
𝑐ℎ𝑒𝑚/𝑘𝑡𝑑,0𝑖1
𝑐ℎ𝑒𝑚
→         𝑃𝑖/𝑃𝑖 + 𝑃0 
T3 
𝑅0 + 𝑅𝑖,2
𝑘𝑡𝑐,0𝑖2
𝑐ℎ𝑒𝑚/𝑘𝑡𝑑,0𝑖2
𝑐ℎ𝑒𝑚
→         𝑃𝑖/𝑃𝑖 + 𝑃0 
T4 
𝑅𝑖,11 + 𝑅𝑗,11
𝑘𝑡𝑐,𝑖𝑗,1111
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1111
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T5 
𝑅𝑖,11 + 𝑅𝑗,12
𝑘𝑡𝑐,𝑖𝑗,1112
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1112
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T6 
𝑅𝑖,11 + 𝑅𝑗,21
𝑘𝑡𝑐,𝑖𝑗,1121
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1121
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T7 
𝑅𝑖,11 + 𝑅𝑗,22
𝑘𝑡𝑐,𝑖𝑗,1122
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1122
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T8 
𝑅𝑖,22 + 𝑅𝑗,12
𝑘𝑡𝑐,𝑖𝑗,2212
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,2212
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T9 
𝑅𝑖,22 + 𝑅𝑗,21
𝑘𝑡𝑐,𝑖𝑗,2221
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,2221
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T10 
𝑅𝑖,22 + 𝑅𝑗,22
𝑘𝑡𝑐,𝑖𝑗,2222
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,2222
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T11 
𝑅𝑖,12 + 𝑅𝑗,21
𝑘𝑡𝑐,𝑖𝑗,1221
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1221
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T12 
𝑅𝑖,12 + 𝑅𝑗,12
𝑘𝑡𝑐,𝑖𝑗,1212
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1212
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
T13 
𝑅𝑖,21 + 𝑅𝑗,21
𝑘𝑡𝑐,𝑖𝑗,1221
𝑐ℎ𝑒𝑚 /𝑘𝑡𝑑,𝑖𝑗,1221
𝑐ℎ𝑒𝑚
→              𝑃𝑖+𝑗/𝑃𝑖 + 𝑃𝑗 
In Table E.3 the reactivity ratios (definitions: see Equation (E.1) and (E.2)) used in this work are 
given. 
𝑟1 =
𝑘𝑝11,1
𝑐ℎ𝑒𝑚
𝑘𝑝11,2
𝑐ℎ𝑒𝑚 ;  𝑟2 =
𝑘𝑝22,2
𝑐ℎ𝑒𝑚
𝑘𝑝22,1
𝑐ℎ𝑒𝑚 ;  𝑟1
′ =
𝑘𝑝21,1
𝑐ℎ𝑒𝑚
𝑘𝑝21,2
𝑐ℎ𝑒𝑚 ;  𝑟2
′ =
𝑘𝑝12,2
𝑐ℎ𝑒𝑚
𝑘𝑝12,1
𝑐ℎ𝑒𝑚 ;  𝑠1 =
𝑘𝑝21,1
𝑐ℎ𝑒𝑚
𝑘𝑝11,1
𝑐ℎ𝑒𝑚 ;  𝑠2 =
𝑘𝑝12,2
𝑐ℎ𝑒𝑚
𝑘𝑝22,2
𝑐ℎ𝑒𝑚 (E.1) 
𝑠𝑎,1 =
𝑘𝑎21
𝑐ℎ𝑒𝑚
𝑘𝑎11
𝑐ℎ𝑒𝑚 ; 𝑠𝑎,2 =
𝑘𝑎12
𝑐ℎ𝑒𝑚
𝑘𝑎22
𝑐ℎ𝑒𝑚 ;  𝑠𝑑𝑎,1 =
𝑘𝑑𝑎21
𝑐ℎ𝑒𝑚
𝑘𝑑𝑎11
𝑐ℎ𝑒𝑚 ; 𝑠𝑑𝑎,2 =
𝑘𝑑𝑎12
𝑐ℎ𝑒𝑚
𝑘𝑑𝑎22
𝑐ℎ𝑒𝑚 (E.2) 
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The monomer reactivity ratios (r
(‘)
) used are averaged values in the 293 – 333 K range (Table 
E.3). The radical reactivity ratios (s)have been determined at 330 K (Table E.3).
7
 Hence, 
temperature dependency of these reactivity ratios are neglected. This is assumption is 
understandable, taking into account that no literature values are available and a large set of the 
copolymerization data is obtained under isothermal conditions for the most relevant monomer 
conversion range. 
Table E.3. Reactivity ratios for propagation and (de)activation in NMP of methyl methacrylate (M1) and 
styrene (M2) initiated by BlocBuilder. 
 propagation
8
 (de)activation
7
 
 𝑟1 𝑟2 𝑟1
′ 𝑟2
′ 𝑠1 𝑠2 𝑠𝑎,1 𝑠𝑎,2 𝑠𝑑𝑎,1 𝑠𝑑𝑎,2 
r/s 0.49 0.49 0.49 0.49 0.60 0.36 0.06 6.7
a
 1.00 1.00 
a 
determined in this work 
It is however important to assess how accounting for temperature dependent reactivity ratios 
would influence the copolymer properties. Therefore, a sensitivity analysis has been performed 
on all reactivity ratios considered. It has been indicated in literature that the activation energy of 
reactivity ratios typically varies between 0 and 10 kJ mol
-1
. A value of 10 kJ mol
-1
 is therefore 
conservatively chosen (-10 kJ mol
-1
 for sa2 as this is the one reactivity ratio larger than unity). The 
result of this sensitivity analysis is shown in Figure E.1 for a TCL of 200 at an initial styrene 
content of 10 m% (highest comonomer content) and 2.5 m% (most severe non-isothermal case). 
It can be concluded that a limited effect, mainly on dispersity at low XM, is present. The effect is 
most pronounced for r2
(‘)
. Overall it is thus afforded – at least to a first approximation- to neglect 
the possible temperature dependence of the reactivity ratios. 
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Figure E.1. Effect of assuming activated reactivity ratios (r1
(‘)
 (a-g-m), r2
(‘)
 (b-h-n), s1 (c-i-o), s2 (d-j-p), sa1 
(e-k-q), sa2 (f-l-r)) on NMP of MMA and styrene initiated by BlocBuilder for a Tset of 363 K and a TCL of 
200 for various initial mass fractions of styrene (here no corrections for calibration range SEC trace): 10 
m% (green lines) and 2.5 m% (red lines); (a-f) overall conversion as a function of time, (g-l) dispersity, 
(m-r) end-group functionality as a function of overall conversion (XM); full lines correspond to simulation 
outcome if an activation energy of (+/-) 10 kJ mol
-1
 is assumed, dotted lines to non-activated reactivity 
ratios. 
E.3 Calculation of apparent termination rate coefficients 
For termination reactions, due to the viscosity increase of the reaction medium, apparent rate 
coefficients have to be considered. As the reaction medium is mainly (p)MMA (maximally 10 
m% styrene), it is assumed that the apparent rate coefficient for MMA, as recently determined by 
Derboven et al.
9
 at 353 K, in which x is the polymer mass fraction and y represents log(xn), can be 
used to a first approximation. 
log(〈𝑘𝑡,𝑎𝑝𝑝〉) = 𝑎 + 𝑏𝑥 + 𝑐 ln(𝑦) + 𝑑𝑥𝑀
2 + 𝑒(ln(𝑦))2 + 𝑓𝑥𝑀 ln(𝑦) + 𝑔 𝑥𝑀
3
+ ℎ(ln(𝑦))3 + xn𝑥(ln(𝑦))
2 + 𝑗 𝑥2 ln 𝑦 
(E.3) 
Table E.4. Parameters used in Equation (E.3) for the calculation of 〈𝑘𝑡,𝑎𝑝𝑝〉.
9
 
a b c d e f g h i j 
8.399 -2.182 -1.239 3.916 1.565 2.879 -1.679 -1.214 0.730 -7.964 
The value of 〈𝑘𝑡,𝑎𝑝𝑝〉 is then corrected for the nature of the terminal units participating in the 
termination and the termination mode. For methacrylates, a temperature dependent relationship 
between the ratio of disproportionation and recombination is reported (see Equation (E.4)).
10
 For 
styrene, the main termination mode is recombination (𝑓𝑟𝑒𝑐,𝑀2 = 1).
2
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1 − 𝑓𝑟𝑒𝑐,𝑀1
𝑓𝑟𝑒𝑐,𝑀1
= 0.556 exp(−
−1.854 𝑘𝐽 𝑚𝑜𝑙−1
𝑅 𝑇
) (E.4) 
In case of termination between identical terminal units, the apparent rate coefficient is determined 
according to Equation (E.5)-(E.6). In case of macroradicals of different terminal nature, the 
apparent rate coefficient is determined according to Equation (E.7). 
𝑘𝑡𝑐,𝑖𝑗,11
𝑎𝑝𝑝 = 𝑓𝑟𝑒𝑐,𝑀1〈𝑘𝑡,𝑎𝑝𝑝〉; 𝑘𝑡𝑑,𝑖𝑗,11
𝑎𝑝𝑝 = (1 − 𝑓𝑟𝑒𝑐,𝑀1)〈𝑘𝑡,𝑎𝑝𝑝〉 (E.5) 
𝑘𝑡𝑐,𝑖𝑗,22
𝑎𝑝𝑝 = 𝑓𝑟𝑒𝑐,𝑀2〈𝑘𝑡,𝑎𝑝𝑝〉; 𝑘𝑡𝑑,𝑖𝑗,22
𝑎𝑝𝑝 = (1 − 𝑓𝑟𝑒𝑐,𝑀2)〈𝑘𝑡,𝑎𝑝𝑝〉 (E.6) 
𝑘𝑡𝑐,𝑖𝑗,12
𝑎𝑝𝑝 =
𝑓𝑟𝑒𝑐,𝑀1 + 𝑓𝑟𝑒𝑐,𝑀2
2
〈𝑘𝑡,𝑎𝑝𝑝〉; 𝑘𝑡𝑑,𝑖𝑗,12
𝑎𝑝𝑝 =
(1 − 𝑓𝑟𝑒𝑐,𝑀1) + (1 − 𝑓𝑟𝑒𝑐,𝑀2)
2
〈𝑘𝑡,𝑎𝑝𝑝〉 (E.7) 
E.4 Experimental error on SEC traces 
The error on the SEC trace can be assumed to be mainly attributed to the accuracy of the 
calibration. The typical experimental error on the SEC traces was determined using a collection 
of multiple calibration curves for polystyrene recorded at LCT during the past year. The 
calibration curve is based on: 
log(𝑀𝑀) = 𝑎 × 𝑡𝑟𝑒𝑡 + 𝑏 
with MM being the molar mass, tret the retention time and a and b the calibration parameters. 
Following calibration parameters for 9 polystyrene calibrations, using narrow polystyrene 
standard samples (Medium EasiVials kit, Agilent Technologies) ranging from 4.45 10
2
 to 3.49 
10
5
 g mol
-1
, were obtained: 
For retention times within the range typically encountered for samples taking in RDRP processes 
(molar mass range: ca. 1.0 × 10
3
 g mol
-1
 - 1.0 × 10
6
 g mol
-1
) the log(MM) for all 9 calibration 
curves were determined and the average and standard deviations were calculated. The 0.95 
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confidence intervals on log(MM) were subsequently determined for the different retention times 
and converted to non-log scale. The average error on a linear scale, i.e. ca. 10%, was then used as 
indicative error-bar on the CLD plots provided in the main text. 
 
Table E.5. Overview of 9 polystyrene calibration curves for determination of the typical error on SEC 
measurements. 
cal. nr. a b 
1 -0.404 10.16 
2 -0.399 10.13 
3 -0.401 10.14 
4 -0.404 10.20 
5 -0.406 10.23 
6 -0.401 10.20 
7 -0.407 10.23 
8 -0.407 10.22 
9 -0.396 10.08 
 
E.5 Influence of macromonomer propagation 
Due to the conventional termination by disproportionation, and more importantly the 
disproportionation reaction to nitroxide (reaction TR1-2 in Table D.1) a large amount of polymer 
chains containing a terminal unsaturated double bond are formed. The unsaturated dead polymer 
chains can function as macromonomers and thus undergo further macropropagation reactions. To 
investigate the influence of such reactions on the polymer properties simulations were performed 
including macropropagation. It was assumed that macropropagation occurs with an identical rate 
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coefficient as the corresponding propagation steps with methyl methacrylate monomer, which is 
an overestimation.
11
 As can be seen in Figure E.2 a  macropropagation can be neglected. 
Figure E.2. Effect of macropropagation for the NMP of MMA (TCL = 200) initiated by BlocBuilder at a 
Tset = 343 K : (a) MMA conversion as a function of time, (b) number average chain length, (c) dispersity 
as a function of MMA conversion; green lines correspond to the simulations without macropropagation 
and red lines to simulations with macropropagation included. 
E.6 NMP of MMA initiated by BlocBuilder 
Figure E.3 shows the end-group functionality, R0X and fraction of fraction of dead polymer 
products formed via the disproportionation to nitroxide, classical disproportionation, and 
recombination reaction as a function of (MMA) conversion (in accordance with Figure 7.2-7.3 in 
the main text). Note that including the non-isothermicity has a significant effect on all these 
characteristics and can thus not be ignored. 
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Figure E.3. Corresponding results to Figure 7.2 (main text) displaying (a-c) end-group functionality 
(EGF), (d-f) R0X concentration, and (g-i) fraction of dead polymer product formed by the 
disproportionation to nitroxide reaction as a function of conversion; parameters: Table S.1 (Supporting 
Information). 
Figure E.4. allows to clarify the control over the polymerization process by the calculation of 
three characteristics as explained in the main text. Figure S.4 displays the comparison with the 
approximate isothermal model and the literature value as highlighted in the main text. 
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Figure E.4. Corresponding results to Figure 7.2 (main text) displaying(a-c) propagation to deactivation 
ratio (Rproop/Rdeac), and (d-f) termination probability (Pterm) as a function of conversion; parameters: Table 
S.1(Supporting Information). 
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Figure E.5. Effect of disproportionation to nitroxide reaction and isothermicity on the description of 
experimental data (points) for NMP of MMA (TCL = 200) initiated by BlocBuilder; (a-c) MMA 
conversion as a function of time, (d-f) number average chain length, (g-i) dispersity as a function of MMA 
conversion, green lines correspond to simulations with the ktdX value obtained in this work, red lines 
correspond to isothermal simulations with ktdX = 1.7 × 10
3
 L mol
-1
 s
-1
. 
E.7 NMP of MMA and a small amount of styrene initiated by BlocBuilder 
NMP of MMA with a small amount of styrene improves the controlled character of the 
copolymerization compared with NMP of MMA. However, also in this case the isothermicity 
should be checked. Figure E.6 shows the recorded temperatures for the lowest ((a); 200) and 
highest ((b); 750) TCL considered in this work. As can be seen, in case of TCL 200, still a 
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temperature overshoot is present, especially in case of low initial styrene amounts, however to a 
lesser extent than in the homopolymerization of MMA (see Figure 7.2 (main text). The higher 
TCLs did not suffer from a significant overshoot, as shown for TCL 750 in Figure E.6 (b). 
 
Figure E.6. Experimentally recorded temperatures for NMP of MMA and styrene initiated by BlocBuilder 
for a Tset of 363 K; (a) a TCL of 200 and (b) a TCL of 750; for distinct initial mass fractions of styrene: 10 
(green full lines/squares), 7.5 (brown dashed-dotted lines/diamonds), 5 (blue dashed lines/circles), and 2.5 
(red dotted lines/triangles). 
The influence of the non-isothermicity for the most severe copolymerization, i.e. a TCL of 200, is 
shown in Figure E.7 for various initial styrene amounts. It can be seen that the effect is most 
pronounced for the lowest styrene amount, in compliance with the magnitude of the temperature 
overshoot in recorded (Figure E.6). The effect is much less pronounced than for the 
homopolymerization but can however still not be ignored. 
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Figure E.7. Effect of non-isothermicity NMP of MMA and styrene initiated by BlocBuilder for a Tset of 
363 K and a TCL of 200 for various initial mass fractions of styrene: 10 m% (left), 5 m% (middle), and 2.5 
m% (right); (a-c) MMA conversion, (d-f) styrene conversion as a function of time, (g-i) number average 
chain length, (j-l) dispersity, (m-o) end-group functionality as a function of overall conversion (XM); red 
lines correspond to simulation outcome if an isothermal temperature is incorrectly assumed. 
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Note that Figure E.7 (m-o) and Figure E.8 display the simulated end-group functionalities for 
various TCLs and initial styrene amounts. For low styrene amounts, it can be seen that towards 
higher conversions, a strong decrease in EGF is present for all TCLs considered. The molar 
fraction of MMA in the monomer feed as a function of time is displayed in Figure E.9. It can be 
seen that an enrichment of MMA in the feed occurs, which results in a rate enhancement towards 
higher times and thus a deviation from typical RDRP conversion profiles is observed via the 
quasi-linear XM profiles (see Figure 7.6 in the main text). 
 
Figure E.8. Corresponding results to Figure 7.5 (main text) displaying end-group functionality (EGF) as 
a function of overall conversion (XM) for: (a) TCL = 500, and (b) TCL = 750. 
 
Figure E.9. Corresponding results to Figure 7.6 (main text) displaying the molar fraction of MMA in the 
monomer feed (f1) as a function of time. 
Finally, Figure E.10 shows again an interpretation based on the three general characteristics. The 
ratio of propagation to deactivation rate (a-c; first characteristic) displays again a strong variation, 
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however to a lesser extent than the homopolymerization. A lower initial styrene amount results 
generally in a higher Rprop/Rdeac, especially at lower monomer conversions. The termination 
probability (d-f; second characteristic) clearly shows the onset of the persistent radical effect, as 
the termination probability drastically drops. Relatively low Pterm are present with a higher initial 
amount of styrene. The probability for the disproportionation of the nitroxide reaction (see Figure 
7.8 in Main text; third characteristic), the most important side reaction resulting in an important 
loss of end-group functionality, is low in the beginning as no build-up of the nitroxide has 
occurred. Towards higher conversions, Ptd,X increases and becomes the main termination event, in 
accordance with the decreasing EGF at higher conversions and the total number fraction of dead 
polymer product formed via this reaction which reaches 0.8 at an XM of 0.5 (Figure E.11). This is 
reflected in the fraction of dead polymer product formed via the disproportionation to nitroxide 
reaction shown in Figure E.11. A higher initial styrene amount results in a lowering of Ptd,X. This 
is confirmed by the mapping of the fraction of dead polymer product formed via 
disproportionation of the nitroxide in Figure E.12, which shows a decreasing trend as a function 
of the initial mass fraction of styrene. 
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Figure E.10. Corresponding results to Figure 7.5 (main text) displaying(a-c) propagation to deactivation 
rate ratio (Rproop/Rdeac), and (d-f) termination probability (Pterm) as a function of monomer conversion; 
parameters: Table E.2 (Supporting Information). 
 
Figure E.11. Corresponding results to Figure 7.5 (Main text) displaying the fraction of dead polymer 
product formed by the disproportionation to nitroxide reaction as a function of the overall conversion 
(XM). 
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Figure E.12. Mapping of the impact of TCL and initial mass fraction of styrene on fraction of dead 
polymer product formed via disproportionation of the nitroxide (X) at XM = 0.5 for NMP of MMA and 
styrene initiated by BlocBuilder at 363 K. 
Figure E.13 displays per radical type Rprop/Rdeac for an initial styrene fraction of 10 m%. Large 
differences between terminal capped MMA and styrene species are present confirming the 
working principle of the copolymerization approach. Related to Figure 7.9 in the main text, this 
also indicates that the origin of the zero-growth propagation cycles are mainly the terminal 
styrene capped macroradicals. This further confirmed in Figure E.14 which displays the 
distribution of the activation-growth-deactivation cycles, as related to Figure 7.11 in the main 
text, with a deactivation rate coefficient for terminal styrene capped macroradicals put formally 
10 times lower than the one in the main text. The fraction of zero growth activation-deactivation 
cycles decreases to 0.18 further confirming that the origin of these cycles. 
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Figure E.13. Corresponding results to Figure 7.6 (main text) displaying the propagation to deactivation 
rate ratio (Rproop/Rdeac) per radical type for an 10 m% initial mass fraction of styrene and TCL of 200; 1: 
MMA; 2: styrene. 
 
Figure E.14. Number fraction of activation-deactivation cycles as a function of the number of 
propagation steps with the relative contribution of MMA and styrene indicated for XM interval from 0.4-
0.5 for the NMP of MMA and styrene (TCL = 200) initiated by BlocBuilder for a Tset of 363 K with an 
initial styrene mass fraction of 0.10 and with the deactivation rate coefficient kda22 formally one order of 
magnitude lower. 
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Finally, the number fraction of chains with a given number of styrene units is shown in Figure 
E.15, as related to Figure 7.10 in the main text. It can be seen that a broad distribution results with 
an average number of 3.7, 7.1, and 13.5 number of styrene units at XM = 0.5 for 2.5, 5, and 10 
m% of initial styrene content. The coefficient of variation amounts to 1.21, 1.51, and 1.82, 
respectively. Thus, a relatively broader distribution results for higher styrene contents. 
 
Figure E.15. Number fraction of chains with a given number of styrene units for NMP of MMA and 
styrene (TCL = 200) initiated by BlocBuilder at XM = 0.5 for a Tset of 363 K using an initial mass fraction 
of styrene of 2.5 m%(blue), 5 m% (yellow) and 10 m% (fuchsia) of styrene. 
Figure S.16 shows that the concentration of the dormant species with MMA terminal units is low. 
 
Figure E.16. Corresponding results to Figure 7.5 (main text) displaying the concentration of dormant 
macrospecies type for a TCL of 200 and a (a) 10 m%, (b) 5 m%, (c) 2.5 m% initial mass fraction of 
styrene. 
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Finally, Figure S.17 shows the relevance of the PMU on NMP activation. For completeness both 
reactivity ratios are included. It can be seen that a large influence on the conversion profile is 
present when neglecting PMU effects on activation for terminal styrene macrospecies. 
 
Figure E.17. Influence of PMU effects  on  NMP of MMA and styrene initiated by BlocBuilder for a Tset of 
363 K and a TCL of 200 for an initial mass fractions of styrene of 10 m% with sa1 = 0.06 and sa2 = 6.7 
(green full lines), sa1 = 1 and sa2 = 6.7 (blue dashed lines), sa1 = 0.06 and sa2 = 1 (red dotted lines). 
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Appendix F. Glossary 
Activation-growth-deactivation cycle distribution: Distribution of the number fraction of 
activation-growth-deactivation cycles as a function of their number of propagation steps. 
Apparent rate coefficient: Rate coefficient related to the observed kinetics, i.e. the rate 
coefficient determined by the intrinsic chemical rate coefficient and transport phenomena. 
Arrhenius equation: Empirical equation that describes the dependence of the rate coefficient k 
of a reaction on the absolute temperature T: 𝑘 = 𝐴 exp−𝐸𝑎/𝑅𝑇 in which R is the universal gas 
constant, A the pre-exponential factor and Ea the activation energy. 
Atom-transfer radical polymerization: Controlled reversible-deactivation radical 
polymerization in which the deactivation of the radicals involves reversible atom transfer or 
reversible group transfer, catalyzed usually, though not exclusively, by transition-metal 
complexes. 
Bivariate modeling: Modeling technique involving the distribution of two variables. 
Chain initiation: Chemical reaction in which initiating species add to monomer a monomer 
molecule to form a macrospecies. 
Chain length: Number of repeating units (coming from the monomer(s)) in a polymer molecule. 
Chain polymerization: Polymerization in which the growth of a polymer chain proceeds by a 
chain reaction mechanism. 
Chain reaction: A reaction in which one or more reactive reaction intermediates (frequently 
radicals) are continuously regenerated, usually through a repetitive cycle of elementary steps (the 
'propagation step'). 
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Chain transfer: Chemical reaction occurring during a chain polymerization in which a reactive 
center is transferred from a growing macromolecule to a small molecule, to another polymer 
molecule or to the same polymer molecule. 
Compositional drift: Deviation in the instantaneous copolymer composition originating from the 
changes in monomer feed composition. 
Controlled radical polymerization: See Reversible deactivation radical polymerization. 
Copolymerization: Denoting the polymerization of multiple monomer types. “Binary 
copolymerization” denotes the polymerization of two comonomer types. “Ternary 
copolymerization” denotes the polymerization of three comonomer types. Often the term 
“Copolymerization” is used to denote the polymerization of two monomer types. 
Dead polymer molecule: Polymer molecule without end-group functionality. 
Deterministic method: Method for solving of a deterministic system/model, typically a set of 
ordinary differential equations. A deterministic system is a system in which no randomness is 
involved in the temporal evolution of the system. 
Diffusion: Movement of the center-of-mass of a molecule in a reaction mixture. 
Dormant polymer molecule: Temporarily deactivated macroradical. 
End-group functionality: Functional group allowing further chemical modification. 
Explicit modeling: Modeling technique in which the complete history of reaction events and 
microstructure is explicitly tracked. 
Functionality location distribution: Distribution of the (absolute or relative) location of 
functionalities along the backbone of the polymer chains. 
Genetic algorithm: Algorithm inspired by the process of natural selection as occurring in nature. 
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Gradient copolymer: Mostly pertaining to linear polymer chains, denoting a gradual change in 
the monomer composition along the polymer chain. 
Gradient deviation: Deviation (with respect to the theoretical ideal linear gradient profile) of the 
cumulative monomer composition of a single chain. 
Instantaneous copolymer composition: Fraction of monomer 1 instantaneously incorporated in 
the copolymer, F1,inst, as a function of the fraction of monomer 1 in the monomer feed, f1. 
Kinetic Monte Carlo: Monte Carlo method to simulate the time evolution of processes occurring 
in nature. 
Living polymerization: Chain polymerization from which chain termination and irreversible 
chain transfer are absent. 
Macroradical activation: Conversion of a dormant macrospecies into a macroradical. 
Macroradical deactivation: Conversion of a macroradical into a dormant macrospecies. 
Mayo-Lewis equation: Widely used closed-form analytical expression to describe the 
instantaneous copolymer composition F1,inst(f1). It is based on the quasi-steady state 
approximation of the individual macroradical terminal unit types and depends only the 
(propagation) reactivity ratios. 
Microstructure: Entirety of structural characteristics of a polymer on the molecular level. They 
determine the morphological, rheological, thermal and physical properties of polymer materials. 
Monomer sequence: Fixed-order series of monomers of arbitrary number and identity. 
Monomer sequence type distribution: Number fraction of a sequence with given length as a 
function of every possible monomer sequence. 
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Multi-objective optimization: Research area of multiple criteria decision making, that is 
concerned with mathematical optimization problems involving more than one (conflicting) 
objective function to be optimized simultaneously. 
Nitroxide mediated polymerization: Controlled reversible-deactivation radical polymerization 
in which the deactivation involves reversible coupling with stable (persistent) free radicals, i.e. 
nitroxide radicals. 
Overall conversion: Conversion calculated with respect to the total amount of monomer. “Total” 
refers to the sum of the initial monomer present in the reactor and the monomer that will be fed 
during the polymerization. 
Pareto front: Set of optimal solutions, for which no objective can be improved without 
sacrificing at least one other objective, i.e. obeying Pareto optimality. 
Pareto optimality: A concept of optimality in multi-objective optimization in which no other 
solution can be found which is better without making at least one objective worse. 
Penultimate monomer unit: Monomer unit next to the terminal monomer unit. 
Persistent radical effect: Build-up of a persistent species as a result of termination reactions 
leading to the reduction of the radical concentration. 
Persistent species: Persistent radicals or complexes which have no mutual reactions, i.e. they do 
not react among themselves. 
Polydispersity index: Ratio of the mass to number average molar mass; measure for the 
broadness of the molar mass distribution of the polymer. 
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Propagation of a macroradical: Chemical reaction between a macroradical and a monomer 
molecule that results in the growth of a polymer chain and the formation of a longer 
macroradical. 
Radical polymerization: Chain polymerization in which the reactive centers are radicals. 
Rate coefficient: Proportionality coefficient between the rate of a reaction and the product of the 
concentrations of the reactants. 
Rate equation: Equation expressing the reaction rate as a function of concentrations or pressures 
of the reactants and the rate coefficient. Also called rate law. 
Reversible addition-fragmentation chain transfer (RAFT) polymerization: Degenerate-
transfer radical polymerization in which chain activation and chain deactivation involve a 
degenerative chain-transfer process which occurs by a two-step addition-fragmentation 
mechanism. 
Reversible deactivation radical polymerization (RDRP): Radical polymerization technique in 
which control over the chain length distribution and livingness of the polymer is established by 
reversible deactivation of the macroradicals with a RDRP agent. 
Segment: Consecutive sequence of comonomers of the same type in a polymer chain. 
Segment length distribution: Number fraction of segments as a function of their segment 
lengths. 
Sequence controlled polymers: Copolymer chain in which the monomer sequence distribution 
follows a similar arrangement in all chains, however with some deviations as opposed to 
sequence defined polymers. 
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Stochastic method: method for a model of a random process, using a random number generator 
to sample physical events. 
Stockmayer equation: Bivariate distribution describing the joint distribution of the mass fraction 
of polymer chains with respect to (i) their instantaneous copolymer composition and (ii) their 
chain length. Valid for a basic chain polymerization. 
Terminal monomer unit: Monomer unit onto which the reactive center resides. 
Termination of macroradicals: Reaction consuming two radical centers leading to the 
formation of (a) dead polymer molecule(s). 
Univariate modeling: Referring to a distribution of only one random variable. Distributions 
involving more than one random variable are called multivariate distributions. Distributions of 
two random variables are called bivariate distributions. 
 
  
 
